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Abstract

Purpose Dyslipidemias are highly prevalent metabolic disturbances and represent a major driver of atherosclerotic cardio-
vascular disease. Beyond primary forms, numerous endocrine diseases induce secondary dyslipidemias that substantially
modify lipid metabolism and contribute to cardiometabolic risk. This Position Statement of the Nutrition Hormones and
Metabolism Club of the Italian Society of Endocrinology (SIE) aims to provide an updated, evidence-based synthesis of the
pathophysiology, biochemical profile, and clinical impact of dyslipidemias associated with endocrine disorders.

Methods A comprehensive review of current literature was performed, integrating epidemiological, mechanistic, and clini-
cal data on lipid alterations across major endocrine diseases. Expert consensus was used to interpret evidence and formulate
recommendations for clinical practice.

Results Distinct and disease-specific dyslipidemic patterns were identified across conditions involving the hypothalamic—
pituitary, thyroid, adrenal, gonadal, and GH/IGF-1 axes. Disorders such as acromegaly, growth hormone deficiency, hypo-
thyroidism, hyperthyroidism, Cushing’s syndrome, male and female hypogonadism, congenital adrenal hyperplasia, and
polycystic ovary syndrome exhibit characteristic lipid abnormalities driven by hormonal dysregulation. These alterations
contribute to increased cardiometabolic risk yet are frequently underrecognized and suboptimally managed. Early identifica-
tion and tailored intervention may significantly improve outcomes.

Conclusion Endocrine-related dyslipidemias represent a clinically relevant but often overlooked contributor to cardiovas-
cular risk. By summarizing current evidence and expert perspectives, this Position Statement aims to support clinicians in
improving diagnosis, risk stratification, and management of lipid disorders associated with endocrine diseases, fostering a
multidisciplinary approach to cardiometabolic prevention.

Keywords Endocrine disorders - Dyslipidemia - Cardiometabolic risk - Hormonal regulation - Lipid metabolism -
Secondary dyslipidemias
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Introduction

Dyslipidemias are among the most common metabolic
abnormalities encountered in clinical practice and represent
amajor risk factor for atherosclerotic cardiovascular disease
(ASCVD). In addition to primary, genetic, or multifactorial
forms, a broad spectrum of secondary dyslipidemias may
arise from endocrine disorders that directly or indirectly
affect lipid metabolism.

Endocrinopathies profoundly influence body compo-
sition, energy balance, and the regulation of lipoprotein
synthesis, catabolism, and clearance. Alterations in the
hypothalamic—pituitary, thyroid, adrenal, gonadal, and
growth hormone/ insulin-like growth factor 1 (GH/IGF-1)
axes can each lead to distinctive lipid abnormalities, often
differing from those observed in primary dyslipidemias.
These alterations may represent early biochemical indi-
cators of unrecognized endocrine disease or contribute
substantially to the increased cardiovascular (CV) risk asso-
ciated with endocrine dysfunction.

Accurate identification of dyslipidemias secondary to
endocrine disorders is therefore essential to guide differ-
ential diagnosis and inform targeted therapeutic strategies.
Treating the underlying endocrinopathy frequently results
in significant improvement or normalization of the lipid
profile, potentially reducing or optimizing the need for
lipid-lowering medications.

This Position Statement from the Metabolism Club of
the Italian Society of Endocrinology (SIE) provides an
evidence-based overview of the pathophysiological mecha-
nisms, biochemical characteristics, and management strate-
gies of the main secondary dyslipidemias associated with
endocrine disorders. Specifically, it addresses dyslipidemia
in acromegaly, growth hormone deficiency, hypothyroidism,
hyperthyroidism, Cushing’s syndrome, male and female
hypogonadism, congenital adrenal hyperplasia (CAH), and
polycystic ovary syndrome (PCOS).

Acromegaly
Pathophysiological mechanisms

Acromegaly is a chronic endocrine disorder characterized
by persistent GH hypersecretion, most commonly due to a
GH-secreting pituitary adenoma, leading to elevated circu-
lating levels of IGF-1 [1, 2]. The chronic exposure to GH
and IGF-1 excess exerts profound effects on carbohydrate
and lipid metabolism, primarily through actions on skeletal
muscle, liver, and adipose tissue [1, 3]. Physiologically,
GH acts as a counter-regulatory hormone to insulin, pro-
moting anabolic processes during fasting by favoring lipid
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oxidation and inhibiting glucose uptake, while insulin pre-
dominates in the postprandial state [4]. In contrast, IGF-1
exerts insulin-like metabolic effects, enhancing glucose
uptake and lipid synthesis [5]. The interplay and imbalance
of these two hormones underpin the metabolic disturbances
observed in acromegaly.

GH binding to its receptor (GH-R) triggers receptor
dimerization and activation of the Janus kinase 2 (JAK2),
initiating several intracellular signaling cascades, includ-
ing signal transducer and activator of transcription (STAT),
phosphatidylinositol 3-kinase (PI3-K), and mitogen-acti-
vated protein kinase (MAPK) pathways [6]. These pathways
mediate GH’s pleiotropic effects on growth and metabolism.
The lipolytic action of GH was first described in the 1940s,
when an inverse correlation between GH levels and adipos-
ity was observed [7]. Under physiological fasting condi-
tions, GH promotes lipolysis and lipid oxidation, shifting
energy substrate utilization toward lipids, as evidenced by
increased circulating free fatty acids (FFAs), 3-hydroxy-
butyrate, and glycerol [4, 8]. GH inhibits lipoprotein lipase
(LPL), the enzyme responsible for hydrolyzing triglycerides
(TG) in chylomicrons and very low-density lipoproteins
(VLDLs), thereby limiting fatty acid storage in adipose tis-
sue and contributing to elevated circulating lipid levels [9].
Conversely, IGF-1 facilitates FFA uptake into hepatocytes
and adipocytes and stimulates lipogenesis, although its lipo-
genic effects are less pronounced [10, 11].

In acromegaly, sustained GH excess results in continu-
ous lipolysis, increased plasma FFAs, and enhanced hepatic
gluconeogenesis. The elevated FFAs interfere with insulin-
mediated glucose uptake in peripheral tissues, promoting
insulin resistance—the metabolic hallmark of active acro-
megaly [3, 12, 13]. The abundance of FFAs also provides
substrates for hepatic TG synthesis and VLDL overpro-
duction [6, 14]. In parallel, IGF-1 may reduce high density
lipoprotein cholesterol (HDL-C) esterification by downreg-
ulating lecithin-cholesterol acyltransferase (LCAT) activity,
as suggested by the inverse correlation between IGF-1 and
LCAT levels [15]. These processes collectively contrib-
ute to the pro-atherogenic metabolic profile observed in
acromegaly.

GH excess also promotes a pro-inflammatory state within
adipose tissue. Overexpression of inflammatory adipokines,
including visfatin and interleukin-6 (IL-6), induces local
macrophage infiltration and systemic inflammation, further
aggravating insulin resistance [16]. Although patients with
active acromegaly often exhibit increased lean body mass
and reduced overall adiposity, their adipose tissue displays
an “inflammatory” molecular phenotype [1, 17].This para-
dox highlights that metabolic dysfunction in acromegaly is
not driven by fat quantity but rather by its altered endocrine
function. Chronic inflammation, oxidative stress, and lipid
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derangements are thought to underlie the elevated CV mor-
bidity and mortality associated with this condition [15, 18].

Beyond adipose tissue, GH and IGF-1 dysregulation also
affect hepatic lipid metabolism. GH promotes TG synthesis
and secretion, while IGF-1 modulates lipoprotein remodel-
ing. Elevated levels of atherogenic lipoprotein(a) [Lp(a)]
and small dense low density lipoprotein (LDL) particles
have been associated with GH excess, correlating directly
with disease activity [19, 20]. Additionally, increased apoli-
poprotein A-I (ApoA-I) and apolipoprotein E (ApoE) levels
have been observed, suggesting compensatory alterations in
lipoprotein transport and reverse cholesterol flux [19, 20].
Together, these molecular and metabolic changes delineate
a distinctive pathophysiological framework where chronic
GH and IGF-1 excess drive lipolysis, hepatic lipid turnover,
insulin resistance, and low-grade inflammation—establish-
ing the metabolic signature of acromegaly.

Laboratory abnormalities

Acromegaly is associated with a distinctive pattern of dyslip-
idemia and metabolic abnormalities that differ substantially
from those seen in other endocrine disorders. Dyslipid-
emia is highly prevalent, affecting about 60% of patients
regardless of GH and IGF-1 concentrations [21]. The most
frequent alterations include mild-to-moderate hypertriglyc-
eridemia and reduced HDL-C, while total cholesterol (TC)
and LDL cholesterol (LDL-C) levels are typically normal
or only slightly elevated. These findings reflect the complex
metabolic effects of chronic GH excess and contribute to the
increased CV risk observed in this population [22].

Hypertriglyceridemia is reported in approximately
30-40% of patients, with a threefold higher prevalence
than in the general population and no significant sex-related
differences [3, 23]. HDL-C concentrations are frequently
reduced, particularly in those with active disease, and this
decline tends to be more pronounced in postmenopausal
women [3, 23] In contrast, LDL-C values are often normal
or even reduced in untreated acromegaly, a finding attrib-
uted to the GH-induced upregulation of hepatic LDL recep-
tor (LDL-R) activity, which enhances LDL clearance [24].
Studies on apolipoprotein profiles have yielded conflicting
results—some report increased ApoE and ApoA-I [20],
whereas others show no differences in ApoA-I or apolipo-
protein B (ApoB) levels [25].

Qualitative alterations in lipoprotein subclasses are
also characteristic of acromegaly. Patients often exhibit an
increased proportion of small, dense LDL particles, which
are more susceptible to oxidation and strongly associated
with atherogenesis [26, 27]. Elevated Lp(a) concentrations
are found in a significant subset of patients, with untreated
acromegaly showing approximately threefold higher levels

than healthy controls [20, 28]. Importantly, these abnormali-
ties may persist even when standard lipid values appear nor-
mal, emphasizing the importance of advanced lipid profiling
for accurate CV risk assessment.

The severity of lipid alterations closely correlates with
disease activity. Patients with active acromegaly display
more pronounced dyslipidemia [20, 29], while biochemical
remission—achieved through surgery or pharmacological
therapy—typically leads to reductions in TG and Lp(a) and
increases in HDL-C [26, 29-31]. Nonetheless, certain quali-
tative alterations, such as the predominance of small dense
LDL (sd-LDL) particles, may persist despite biochemical
control [26, 27].

The underlying mechanisms are multifactorial. GH
excess inhibits LPL and hepatic TG lipase, impairing TG
-rich lipoprotein clearance and HDL formation [20, 27].
Increased hepatic LDL-R expression explains the often-
normal LDL-C levels [24]. Moreover, altered adipokine
secretion—including reduced chemerin and dysregulated
leptin—along with elevated inflammatory markers such as
interleukin-6 and C-reactive protein, contributes to a pro-
inflammatory, pro-atherogenic milieu [24].

Standard lipid testing may underestimate CV risk, as it
fails to capture these persistent qualitative lipid abnormali-
ties [29, 32]. Advanced lipidomic analyses have revealed
that active acromegaly paradoxically presents with reduced
intrahepatic lipid (IHL) content despite insulin resistance,
whereas biochemical control increases IHL alongside
improved insulin sensitivity, suggesting dynamic GH-
dependent modulation of hepatic lipid metabolism [33, 34].
Additionally, alterations in hepatic mitochondrial function
and lipid saturation—specifically increased ATP synthesis
and decreased unsaturated-to-saturated fatty acid ratios—
indicate complex metabolic remodeling beyond conven-
tional lipid markers [33, 34].

Altogether, the biochemical phenotype of acromegaly
reflects both quantitative and qualitative dyslipidemia,
inflammatory activation, and altered energy metabolism.
Evidence from cross-sectional, interventional, and case—
control studies across diverse populations supports this dis-
tinctive pattern [29, 35, 36]. Variability in LDL-C responses
and lipid subfraction distribution, influenced by genetic
background, disease duration, and comorbidities [33, 37,
38], underscores the limitations of standard lipid panels. A
personalized laboratory assessment—integrating traditional
lipid measurements, advanced lipoprotein characterization,
and metabolic biomarkers—represents a more accurate
approach to risk stratification in acromegalic patients Table
1.
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Table 1 Typical lipid panel in acromegaly

Parameter Change Mechanism
TC —or Upregulation of hepatic LDL-R
slightly | enhances LDL clearance despite
increased lipid flux
LDL-C < or Increased LDL-R expression acceler-
slightly |  ates ApoB-containing lipoprotein
catabolism
HDL-C ! Reduced LPL and altered hepatic
lipase impair HDL maturation
(HDL.— HDL; shift)
TG Mild-mod- Reduced LPL activity and increased
erate 1 VLDL secretion due to GH excess
LDL particle 1 sd-LDL TG enrichment and lipoprotein
quality remodeling generate smaller, denser
particles
ApoB —or Enhanced LDL clearance may offset
slightly | increased production
ApoA-I —or| Impaired HDL synthesis associated
with GH excess and insulin resistance
Lp(a) i GH-stimulated hepatic synthesis; may

normalize after biochemical control

TC, total cholesterol; LDL-C, low-density lipoprotein cholesterol;
HDL-C, high-density lipoprotein cholesterol; TG, triglycerides;
VLDL, very-low-density lipoprotein; sd-LDL, small dense low-
density lipoprotein; ApoB, apolipoprotein B; ApoA-I, apolipoprotein
A-I; Lp(a), lipoprotein(a); LDL-R, low-density lipoprotein receptor;
LPL, lipoprotein lipase; GH, growth hormone.

Medical treatment

Following the most recent Consensus on the diagnosis and
treatment of acromegaly comorbidities, the management of
dyslipidemia in patients with acromegaly should adhere to
general population guidelines, with treatment goals adjusted
for other metabolic comorbidities, such as diabetes mellitus
and hypertension [35].

Accordingly, diet and appropriate lifestyle interventions
remain a cornerstone in managing dyslipidemia in these
patients [39]. In this regard, it should be noted that patients
with acromegaly are often affected by arthropathy-related
pain and joint dysfunction, resulting in significant limita-
tions in mobility, daily functioning and decreased exer-
cise capacity [35]. In addition, diabetes mellitus, present
in approximately 30% of the acromegaly population [1],
increases CV risk (moderate, high or very high, depend-
ing on the presence of disease-related complications) with
an LDL target of<55-70 mg/dL, often requiring pharma-
cological treatment [40]. Furthermore, the presence of
established CV diseases (particularly coronary artery dis-
ease and stroke, present in 9.8% and 4.3% of population
at acromegaly diagnosis) places these individuals in a very
high CV risk category, requiring a more stringent LDL-C
target (<55 mg/dL) [40]. For patients with acromegaly who
have not experienced CV events and do not have diabetes
(thus considered apparently healthy from a dyslipidemic
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standpoint) the use of the use of SCORE2 or SCORE2-OP
risk charts, according to age, may be helpful [40]. However,
even in this contest, the presence of arterial hypertension
(found in 30—60% of patients with acromegaly) contributes
to increased CV risk [35].

In this population, normalization of GH/IGF-1 levels is
frequently associated with improvements in lipid profiles,
particularly reductions in TG and increases in HDL-C, as
demonstrated by both retrospective and prospective studies
involving patients treated surgically or with medical thera-
pies [31, 41]. The agents currently used to treat acromegaly
differ in their effects on lipid metabolism. First-generation
somatostatin receptor ligands (fg-SRLs) appear to partially
replicate the metabolic improvements seen after surgi-
cal remission, including reductions in TG and increases in
HDL-C [31, 41]. Some data also suggest a lowering effect
on ApoB levels. These effects appear more evident with
long-acting octreotide compared to lanreotide [31]. How-
ever, such metabolic changes are likely secondary to disease
control rather than direct pharmacological action [31].

Pasireotide, despite its well-recognized hyperglycemic
effect, showed a dose-dependent reduction in TG in early
studies involving healthy volunteers [12]. Nevertheless,
real-world data in patients with acromegaly have not con-
firmed a clinically meaningful effect on lipid profiles, with
only modest and transient changes observed, primarily in
HDL-C increases [12].

Dopamine agonists, such as cabergoline, have been asso-
ciated with favorable metabolic effects in patients with pro-
lactinomas, including improvements in glucose and lipid
metabolism, but specific data in the setting of acromegaly
remain sparse and inconclusive [42].

The effects of pegvisomant on lipid metabolism are
variable: some studies report increases in total and LDL-C
alongside significant reductions in Lp(a), whereas others
show no substantial change in lipid parameters[43]. This
heterogeneity likely reflects individual differences in base-
line metabolic status and other modifying factors [43].

Overall, improvements in lipid profiles among patients
with acromegaly are closely tied to biochemical disease
control, rather than direct drug effects. Therefore, no spe-
cific recommendations currently exist regarding the choice
of therapy based on the presence or absence of dyslipidemia.

To date, data from only one clinical trial are available
regarding the efficacy of lipid-lowering therapy in patients
with acromegaly [44]. In a 3-month, double-blind, placebo-
controlled, crossover trial in eleven patients, treatment with
atorvastatin 10 mg daily significantly reduced total choles-
terol, LDL-C, VLDL-C, ApoB, and the estimated 10-year
risk of coronary heart disease, with no significant changes
in HDL-C or TG [44].
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No other studies have specifically assessed the efficacy
and safety of other statins or novel lipid-lowering agents
in the acromegaly population. However, some studies have
shown that GH decreases circulating PCSK9 levels, increas-
ing hepatic LDL-Rs [45]. This may help explain why GH-
lowering therapies alone are often insufficient to improve
LDL-C profiles in patients with acromegaly. It also suggests
a potential role for PCSK9 inhibitors as add-on to acromeg-
aly-treatment in managing dyslipidemia in this setting [45].

In summary, prospective and long-term studies are
lacking to definitively establish whether acromegaly inde-
pendently increases CV risk when matched for other risk
factors. No specific recommendations exist regarding
LDL-C targets or the use of lipid-lowering or GH-targeted
therapies in this context. As such, the suggestions outlined
in the 2020 Consensus remain applicable, recommending
alignment with the lipid management guidelines developed
for the general population-.

Nutritional intervention

As described above, mild to moderate hypertriglyceride-
mia and low HDL-C are the most frequent lipid alterations
in patients with acromegaly. Total-C and LDL-C are fre-
quently unchanged, although levels of sd-LDL-C and high
Lp(a) have been reported [46]. No dedicated clinical trials
on specific nutritional interventions have been conducted
until now.

According to guidelines on acromegaly management,
dyslipidemia, including through nutrition, should follow
guidelines for the general population. The goals should take
into account CV risk stratification, considering the pres-
ence of other comorbidities or risk factors, such as diabetes,
hypertension, age, sex, family history, or smoking habits
[35].

Few studies have investigated nutritional habits in acro-
megaly, reporting a higher intake of carbohydrates (mainly
from ultra-processed food) and trans fats, and a lower intake
of fresh fruits and vegetables than normal controls [47].
Whether these food choices are related to the primary dis-
ease should be investigated, but a correct food history to
suggest a decreased intake of unhealthy food is the first step
in the nutritional management of dyslipidemia. In particular,
sugars, sugar-sweetened soft drinks, fruit juices, and trans
fats should be avoided, and saturated fats should be less than
10% of the total daily caloric intake to improve the lipid
profile. Foods rich in omega-3 fatty acids (fatty fish, avo-
cado), viscous fiber (oats, legumes, citrus), and plant stanol
and sterol intake (vegetable oils, nuts, seeds, whole grains,
fruits, vegetables, and legumes) should be encouraged to
decrease TG.

In general, patients with cardio-metabolic diseases
should maintain their weight, or decrease it in the presence
of overweight or obesity, and perform physical activity and
structured exercise interventions, according to European
Society of Cardiology (ESC), American Diabetes Associa-
tion (ADA), and European Association for the Study of Dia-
betes (EASD) Guidelines [48-50]. A Mediterranean-style
eating pattern improves lipids, and if it is rich in extra virgin
olive oil or nuts, as in the Prevencién con Dieta Mediter-
ranea (PREDIMED) study, it reduces the ASCVD risk more
than a low-fat diet, as demonstrated in the CORDIOPREV
study [51, 52]. This is important since acromegalic patients
have a high risk of ASCVD [46]. The planetary health diet,
introduced by the EAT-Lancet Commission, seems to be
associated with favorable lipid profiles [53]. The Dietary
Approaches to Stop Hypertension (DASH) diet is a further
option since it has been demonstrated to reduce TG levels
and increase HDL-C compared to no intervention or usual
care [54]. Generally, we could hypothesize that these results
are reproducible also in patients with acromegaly, although
likely with different ranges of risk reductions.

No evidence exists on fasting regimens. Short-term fast-
ing did not result in an increase in FFAs in acromegalic
patients [55], unlike long-term experiments [56]. Coopmans
et al. investigated the role of an eucaloric ketogenic diet in
a small group of 11 patients with active acromegaly [57].
Although diabetes improved, no findings on the effects on
the lipid profile have been published, discouraging its use
for this aim at this moment [57].

GH deficiency
Pathophysiological mechanisms

GH exerts wide-ranging effects on body composition,
energy balance, and intermediary metabolism, acting as a
key regulator of lipolysis, lipid oxidation, and overall nutri-
ent partitioning [58, 59]. Consequently, GH deficiency
(GHD) profoundly affects metabolic homeostasis, leading to
increased visceral adiposity, unfavorable lipid profiles, and
heightened CV risk. Patients with GHD typically present
with elevatedTC, LDL-C, and ApoB concentrations, while
changes in TG and HDL-C are generally modest. These
atherogenic abnormalities arise from the absence of GH’s
direct regulatory effects on lipoprotein metabolism and its
indirect modulation of adipose tissue function, hepatic lipid
turnover, and insulin sensitivity [58, 59].

GH normally promotes lipolysis by activating hormone-
sensitive lipase (HSL) in adipose tissue and by modulating
the expression of Cell Death-Inducing DFF45-like Effec-
tor (CIDE) proteins, which regulate lipid droplet fusion
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and lipid storage [60]. Lipolysis of TG stored in adipocytes
increases circulating FFAs levels, providing energy sub-
strates to peripheral tissues and enhancing hepatic avail-
ability of FFAs and glycerol for TG and ApoB-containing
lipoprotein synthesis [60]. In the liver, GH stimulates
VLDL production and secretion, while also upregulat-
ing the expression of LDL-Rs, promoting the clearance of
LDL, intermediate-density lipoproteins (IDL), and VLDL
remnants [61, 62]. Furthermore, GH inhibits 3-hydroxy-
3-methylglutaryl coenzyme A (HMG-CoA) reductase, the
rate-limiting enzyme of endogenous cholesterol synthe-
sis, thereby reducing hepatic cholesterol production [61,
62]. GH also influences bile acid metabolism by inducing
cholesterol-7a-hydroxylase (C7aOH), a key enzyme in bile
acid synthesis and cholesterol excretion through the entero-
hepatic pathway [63].

In GHD, the absence of these coordinated actions results
in reduced lipolysis, accumulation of visceral fat, and
impaired lipid turnover [60]. The consequent increase in
fat mass and decrease in lean body mass exacerbate insu-
lin resistance, which further impairs lipoprotein metabolism
[60]. Insulin resistance inhibits LPL activity, reducing the
clearance of VLDL-ApoB and promoting its conversion
into LDL particles. Simultaneously, the downregulation
of hepatic LDL-Rs reduces LDL and VLDL removal, con-
tributing to increased plasma levels of ApoB-containing
lipoproteins and stimulating compensatory activation of
HMG-CoA reductase. Together, these mechanisms lead to
the characteristic dyslipidemic pattern of GHD: elevated
total and LDL-C, with variable TG and HDL-C alterations.

Although the effects of GH on HDL metabolism remain
incompletely understood, evidence suggests that GHD
impairs reverse cholesterol transport and cholesterol esteri-
fication due to altered cholesteryl ester transfer protein
(CETP) activity [64, 65]. Dysregulation of CETP limits
the exchange of cholesteryl esters between HDL, VLDL,
and LDL, thereby reducing hepatic cholesterol uptake and
contributing to low HDL functionality. Moreover, adipose
tissue dysfunction in GHD amplifies pro-atherogenic mech-
anisms through the dysregulated secretion of inflammatory
cytokines and adipokines such as leptin, which influence
insulin sensitivity and lipid storage [64, 65]. The interplay
between GH and adipokine signaling represents a critical,
yet incompletely elucidated, axis in the metabolic complica-
tions of GHD.

Genetic variability may further modulate the meta-
bolic phenotype of GHD [66]. Specific single nucleotide
polymorphisms (SNPs) in genes related to lipid metabo-
lism—including CETP (rs708272, rs3764261, rs1800775),
ApoE (rs7412), and ApoB (rs693)—have been associated
with variations in total and LDL-C levels in adults with
GHD [66]. Such findings underscore the importance of

@ Springer

gene-hormone interactions in determining individual sus-
ceptibility to dyslipidemia.

Importantly, GH replacement therapy has been shown
to ameliorate many of these metabolic alterations [67].
Numerous studies and meta-analyses, including a system-
atic review of 37 randomized, placebo-controlled trials,
demonstrate that GH replacement reduces total and LDL-C
levels, increases lean body mass, and decreases fat mass,
with variable effects on HDL-C. These data confirm GH’s
crucial role in maintaining lipid homeostasis and body com-
position [67]. Collectively, the evidence supports the view
that GHD induces a multifactorial atherogenic dyslipid-
emia, driven by reduced lipolysis, impaired hepatic lipid
clearance, and systemic insulin resistance, thereby contrib-
uting to the increased CV morbidity and mortality observed
in this condition.

Laboratory abnormalities

GHD is known to adversely affect lipid metabolism [46, 68—
70]. However, literature data remain variable, as patients
with GHD represent a heterogeneous group differing in age
of onset, etiology, and the presence of additional pituitary
hormone deficiencies—ranging from isolated GHD to pan-
hypopituitarism. These factors may influence the degree and
pattern of lipid profile derangement in GHD patients.

Furthermore, the impact of GHD on lipid profiles varies
across life stages—childhood, transition, and adulthood—
and should be interpreted in this context [46, 68—70].

In children with GHD, data on dyslipidemia are conflict-
ing. Some studies report hypercholesterolemia [71-73],
while others observe no significant lipid abnormalities [74—
76]. Nonetheless, children with GHD frequently display
an atherogenic lipid profile characterized by elevated TC,
LDL-C, and TG, along with reduced HDL-C [77-80]. This
pattern resembles the dyslipidemia of metabolic syndrome,
often seen in GHD children with obesity, such as those with
hypothalamic obesity following craniopharyngioma [79].

Studies investigating lipid changes during the transition
phase have also yielded inconsistent results, partly due to
variability in GH treatment washout duration. While some
report no changes in lipid levels after therapy cessation [81],
others have demonstrated increases in total cholesterol,
LDL-C, and TG, along with decreases in HDL-C [74, 82—
84]. Notably, longer therapy interruptions and more severe
GHD are associated with more pronounced dyslipidemia
during this period [85-87].

Lp(a) levels in adolescents with untreated GHD show
conflicting results [88, 89], likely due to strong genetic
determinants and small sample sizes, which limit interpret-
ability [89].
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In adults, GHD is commonly associated with dyslip-
idemia, typically presenting as elevated TC and LDL-C,
with variable effects on TG and HDL-C [46, 68, 90-92].
Increased sd-LDL particles—considered more athero-
genic—have been reported, along with elevated postpran-
dial remnant lipoproteins, both of which improve with GH
replacement therapy. However, levels of ApoB, ApoA-I,
and Lp(a) are generally unaffected [46, 68, 90-92].

Some earlier studies suggested a correlation between
GHD severity (based on GH stimulation tests) and lipid
abnormalities [93], but these findings have not been consis-
tently confirmed, particularly when BMI-adjusted diagnos-
tic criteria are applied [58, 94-96]. Moreover, interpretation
of lipid abnormalities in adult GHD is complicated by the
frequent coexistence of other pituitary hormone deficiencies
(thyroid, adrenal, gonadal) and their respective replacement
therapies, which themselves influence lipid metabolism [58,
94-96].

The multinational KIMS database has provided valuable
insights into demographic and clinical factors influenc-
ing lipid profiles in 2,589 adults with GHD [58]. Analyses
revealed that females exhibited approximately 0.2 mmol/L
higher total cholesterol, primarily due to higher HDL-C,
with no significant differences between pre- and postmeno-
pausal women. TC and LDL-C levels increased steadily
with age, plateauing after 50 years, while HDL-C remained
stable, and TG followed a similar trajectory to total choles-
terol. Age at GHD onset, disease duration, severity, etiol-
ogy, extent of hypopituitarism, BMI, waist-hip ratio, waist
circumference, and prior radiotherapy did not significantly
affect baseline cholesterol levels. Other factors, such as

Table 2 Typical lipid in growth hormone deficiency

Parameter Change Mechanism

TC i Reduced LDL-R expression and
decreased cholesterol turnover

LDL-C i Decreased receptor-mediated
clearance and bile acid conversion

HDL-C <or | Altered hepatic lipase and CETP
activity impair reverse transport

TG —or ! Decreased LPL activity and fatty
acid oxidation

LDL particle —or ! Shift toward smaller, denser par-

quality sd-LDL ticles linked to insulin resistance

ApoB —or Reduced clearance prolongs
plasma residence

ApoA-I —or| Decreased synthesis due to hor-
monal deficiency

Lp(a) —or? Strong genetic influence; variable

response to GH replacement

TC, total cholesterol; LDL-C, low-density lipoprotein cholesterol;
HDL-C, high-density lipoprotein cholesterol; TG, triglycerides; sd-
LDL, small dense low-density lipoprotein; ApoB, apolipoprotein B;
ApoA-1, apolipoprotein A-I; Lp(a), lipoprotein(a); LDL-R, low-den-
sity lipoprotein receptor; LPL, lipoprotein lipase; CETP, cholesteryl
ester transfer protein; GH, growth hormone.

smoking and epilepsy, were associated with higher choles-
terol, whereas diabetes mellitus correlated with lower cho-
lesterol. LDL-C trends mirrored those of total cholesterol
[58].

Beyond quantitative lipid alterations, the quality of LDL
particles plays a crucial role in CV risk [97, 98]. Smaller
dense LDL particles are considered more atherogenic [97,
98]. Current evidence suggests that patients with GHD do
not exhibit increased levels of sd-LDL, and that short-term
GH replacement therapy does not significantly modify LDL
subfraction distribution [99, 100] Table 2.

Medical treatment

Recent guidelines analyzed the effect of GH replacement
therapy on lipid metabolism, but there are no clear indi-
cations regarding cholesterol lowering treatment in GHD
patients affected by dyslipidemia [101].

Considering standard medical treatment, few studies ana-
lyzed the effect of statin in GHD patients [102]. A treatment
with simvastatin ranging from 20 to 40 mg/day was able to
improve lipid levels without the need to titrated more the
dose in patients with GHD compared to controls [102].

No studies analyzed the effect of ezetimibe, bempe-
doic acid, Proprotein Convertase Subtilisin/Kexin type 9
(PCSKDY9) inhibitors or inclisiran in GHD patients.

On the contrary, the effect of GH replacement therapy on
serum lipid levels has been investigated in numerous stud-
ies. GH exert beneficial effects on serum total and LDL-C
by increasing numbers of LDL-Rs on hepatocytes both at
protein and mRNA level, independently by IGF-1 release
[103].

The meta-analysis by Maison et al. of 37 blinded, ran-
domized placebo-controlled trials (up to 2003) and the sub-
sequent meta-analysis by Newman et al. (2015) involving
over 1000 subjects demonstrated the effect of GH treat-
ment in reducing total and LDL-Clevels, without significant
effect on HDL-C or TG levels [67, 104].

The effect of GH replacement therapy on lowering cho-
lesterol levels was observed also in patients in statin treat-
ment [105, 106].

In addition to the effect of GH on LDL-Rs on liver cells,
GH decreases circulating PCSK9 levels, with increase of
hepatic LDL-Rs [45]. Consequently, the clearance of LDL-C
is enhanced by GH treatment, thus opening an interest point
in GH untreated patients for PCSK9 inhibitors [107].

Nutritional intervention
Consistent evidences demonstrated that high intake of fruit,

non-starchy vegetables, nuts, legumes, fish, vegetable oils,
yoghurt, and wholegrains, along with a low consumption
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of red and processed meats, refined carbohydrates, and salt,
is associated with a lower incidence of CV events [108].
Thus, dietary patterns as DASH diet and the Mediterranean
diet have been demonstrated to reduce CV risk [109]. In
particular, the PREDIMED trial indicated that participants
following a Mediterranean diet, supplemented with extra-
virgin olive oil or nuts, had a significantly lower incidence
of major CV events compared with a low-fat diet [110].

GH and IGF-1 secretion are potentiated by many nutri-
ents [111]. Considering visceral adiposity and metabolic
diseases characterizing GHD patients, a Mediterranean diet
could be appropriate in this setting, as it has been demon-
strated to be able to favor GH secretion [112]. In a high
adherent Mediterranean diet, the intake of several nutrients
should be encouraged, as proteins of vegetable origin or
from dairy products, extravirgin olive oil, and seeds, rich in
alfa-linoleic acid, because these nutrients are able to stimu-
late IGF-1 secretion. Sugars and fats consumption should
be discouraged for the effect on serum lipid and to avoid a
blunting of residual GH and IGF-1 secretion [112]. Foods
rich in vitamin D and rich in Zn, iodine, Ca2+, and Mg
should be encouraged to take advantage in GH and IGF-1
secretion [111].

Hypothyroidism
Pathophysiological mechanisms

Hypothyroidism represents one of the most prevalent causes
of secondary dyslipidemia [113]. Thyroid hormones exert
broad regulatory effects on lipid metabolism through their
nuclear receptors, thyroid hormone receptor isoforms o and
B (THRa, THRP), which mediate tissue-specific actions.
THRP predominates in the liver, promoting fatty acid oxi-
dation, while THRa is more expressed in the heart and bone,
mediating lipogenic and metabolic effects [113]. The liver
is also directly responsive to thyroid-stimulating hormone
(TSH) through specific receptors, and elevated TSH levels
may independently impair lipid metabolism and contribute
to hepatic steatosis [114]. Moreover, the liver plays a cen-
tral role in thyroid hormone homeostasis, being responsible
for the peripheral conversion of thyroxine (T4) to the active
tritodothyronine (T3) via deiodinases, and for the synthe-
sis of thyroid hormone-binding proteins such as thyroxine-
binding globulin, transthyretin, and albumin [115].

Thyroid hormones stimulate basal metabolic rate, pro-
tein synthesis, and both hepatic lipogenesis and lipolysis
[114]. They regulate cholesterol synthesis, clearance, and
turnover, in part by promoting bile acid formation and fecal
cholesterol excretion [116]. These actions deplete hepatic
cholesterol pools and upregulate cholesterol biosynthesis
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and receptor-mediated uptake from circulation, maintain-
ing lipid balance [116]. In hypothyroidism, impairment
of these mechanisms leads to decreased cholesterol clear-
ance, resulting in hypercholesterolemia characterized by
increased total and LDL-C levels, and frequently elevated
TG [117]. Reduced LDL-R expression, diminished bile acid
synthesis, and decreased fatty acid oxidation collectively
promote atherogenesis [117].

Both overt and subclinical hypothyroidism significantly
alter lipid metabolism and increase CV risk [114]. A cen-
tral mechanism involves reduced T3-mediated activation of
Sterol Regulatory Element-Binding Protein 2 (SREBP2), a
transcription factor essential for LDL-R synthesis, leading
to impaired LDL clearance and elevated circulating LDL-C
[114]. Additionally, hypothyroidism enhances intestinal
and hepatic cholesterol absorption via upregulation of Nie-
mann—Pick Cl-like 1 (NPC1L1) protein, decreases plasma
CETP activity, and increases circulating ApoB lipoproteins
[118, 119]. These alterations shift cholesterol from HDL
toward LDL and VLDL fractions, suppress reverse choles-
terol transport, and diminish bile acid-mediated cholesterol
elimination. Decreased microRNA-181 expression further
enhances sterol O-acyltransferase 2 (SOAT?2) activity, lead-
ing to excess cholesterol ester formation within lipoproteins
[118, 119].

Hypertriglyceridemia in hypothyroidism arises primar-
ily from reduced LPL activity and impaired TG clearance,
coupled with increased hepatic VLDL synthesis. These
abnormalities stem from decreased autophagic degradation
of lipid droplets (lipophagy) and reduced carnitine palmi-
toyltransferase-1a (CPTla) expression, the rate-limiting
enzyme of fatty acid f-oxidation [118, 119]. Consequently,
hepatic lipid accumulation ensues, promoting insulin resis-
tance, oxidative stress, and inflammation—key drivers of
metabolic dysfunction—associated steatotic liver disease
(MASLD) [116]. Thyroid hormones normally stimulate
lipophagy, mitochondrial biogenesis, and B-oxidation via
autophagy-related proteins and acyl-CoA dehydrogenases,
thus reducing reactive oxygen species (ROS) generation.
Impairment of these pathways in hypothyroidism results
in hepatocellular lipid accumulation and oxidative injury
[120].

With disease progression, excessive deposition of long-
chain saturated fatty acids and their toxic metabolites induces
hepatocellular lipotoxicity, inflammation, and fibrogenesis
[121-123]. Activated hepatic stellate cells transform into
fibroblasts, contributing to fibrosis and progression toward
metabolic dysfunction-associated steatohepatitis (MASH)
[121-123]. These mechanisms explain the therapeutic ratio-
nale for thyroid hormone analogs and thyromimetic agents
in treating MASH [123, 124].
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Beyond hepatic manifestations, hypothyroidism contrib-
utes to the broader cluster of metabolic abnormalities defin-
ing metabolic syndrome (MetS), characterized by visceral
obesity, hypertriglyceridemia, low HDL-C, hypertension,
and insulin resistance [125, 126]. Metabolic dysfunction-
associated steatotic liver disease (MASLD), often consid-
ered the hepatic expression of MetS, is strongly associated
with hypothyroidism and its metabolic sequelae [125, 126].
Thyroid dysfunction has been reported in up to 32% of
individuals with MetS [127, 128], and patients with hypo-
thyroidism show a higher prevalence of type 2 diabetes
compared with euthyroid individuals [129, 130]. Notably,
even thyroid hormone levels in the low-normal range have
been linked to increased diabetes risk, independent of sex
and thyroid autoimmunity [131]. Collectively, these data
underscore the central role of thyroid hormones in integrat-
ing lipid metabolism, hepatic function, and systemic cardio-
metabolic health.

Laboratory abnormalities

Hypothyroidism, including both subclinical hypothyroid-
ism and overt hypothyroidism, is frequently associated
with alterations in serum lipid profiles, which contribute
to increased CV risk and may exacerbate other metabolic
derangements [132—134]. The severity of lipid abnormali-
ties is generally proportional to the degree of thyroid-stim-
ulating hormone elevation, with changes observable even
when TSH is in the upper part of the reference range [133,
135]. In particular, elevated TC and LDL-C are the most
consistently reported laboratory abnormalities in both sub-
clinical and overt hypothyroidism, whereas TG and high-
density lipoprotein cholesterol show more variable changes
across studies [136, 137].

In subclinical hypothyroidism, total cholesterol and
LDL-C are often increased, reflecting impaired LDL-Rme-
diated clearance and reduced hepatic cholesterol catabo-
lism [133]. TG levels may be normal or modestly elevated,
whereas HDL-C can be normal or slightly reduced, depend-
ing on study populations and comorbidities such as insulin
resistance, obesity, or metabolic syndrome [136, 137]. Sev-
eral meta-analyses confirm that LDL-C is the lipid parame-
ter most affected by subclinical hypothyroidism, with higher
elevations observed in subjects with TSH above 10 mIU/L
[138]. Sd-LDL particles, which are highly atherogenic,
may also be increased, although data remain limited [139].
ApoA-I, ApoB, and VLDL concentrations are generally
not significantly altered in mild subclinical hypothyroidism
[140].

Overt hypothyroidism is typically associated with more
pronounced lipid alterations. TC, LDL-C, and TG are fre-
quently elevated, and HDL-C is usually normal or reduced

[133, 135, 141]. Cross-sectional studies have shown that
34-57% of patients with newly diagnosed overt hypothy-
roidism exhibit elevated TC or LDL-C, whereas 62—-69%
display low HDL-C or hypertriglyceridemia [142]. Post-
thyroidectomy studies indicate that even short-term thy-
roid hormone deficiency can rapidly increase TC, LDL-C,
TG, and the TC/HDL-C ratio [143, 144]. In overt hypo-
thyroidism, LDL-C elevation often favors the formation of
oxidized LDL, enhancing foam cell formation and athero-
genesis [145, 146], Elevated Lp(a) levels have also been
reported [147].

The pathophysiology underlying these laboratory find-
ings involves multiple mechanisms. Reduced thyroid hor-
mone action decreases LDL-R expression and impairs
hepatic clearance of ApoB-containing lipoproteins, while
diminished stimulation of lipoprotein lipase and impaired
reverse cholesterol transport compromise TG metabolism
and HDL functionality [143, 144]. Altered bile acid synthe-
sis and excretion further reduce hepatic cholesterol catab-
olism, contributing to the accumulation of circulating TC
and LDL-C [133]. Insulin resistance and MeTs components
often coexist, exacerbating hypertriglyceridemia and pro-
moting the formation of sd-LDL particles [132—134].

Hypothyroidism may also interact with other dyslipid-
emias, including familial disorders such as familial dysbet-
alipoproteinemia, which can present with markedly elevated
TC and TG, xanthomas, and accelerated atherosclerosis
[39, 148]. Therefore, comprehensive assessment of lipid
abnormalities in hypothyroid patients is essential, particu-
larly when severe or persistent derangements are observed
despite normalization of thyroid-stimulating hormone with
replacement therapy Table 3.

Medical treatment

Thyroid hormone replacement based on synthetic levothy-
roxine (LT4) monotherapy represents the standard of care
for hypothyroidism [149, 150]. Patients with OH require
treatment with doses of LT4 that are sufficient to normalize
serum TSH levels, in order to abrogate or reduce the adverse
health effects of thyroid hormone deficiency (including the
detrimental cardiometabolic consequences) [150], while
minimizing the risk of overtreatment [133]. LT4 monother-
apy is effective in reversing or improving serum lipid abnor-
malities in both SCH and OH [150, 151]. In patients with
hypothyroidism and dyslipidemia, mode of LT4 administra-
tion, LT4 dose adjustments and periodic serum TSH mea-
surements should be in line with the international guidelines
for the management of hypothyroidism [152].

Adults with hypothyroidism and markedly elevated serum
TSH levels usually require 1.6 pg/kg of actual body weight
as the starting daily LT4 dose to achieve the appropriate
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Table 3 Typical lipid panel in hypothyroidism
Subclinical Overt
Hypothyroidism Hypothyroidism
TC 1 1

Main
Mechanism
Reduced
hepatic LDL-R
expression

and impaired
cholesterol
clearance

Parameter

LDL-C 1 1 Decreased
LDL-R-medi-
ated catabolism
leading to
accumulation of
ApoB-contain-
ing lipoproteins
Altered lipopro-
tein metabo-
lism; variable
impact on
reverse choles-
terol transport
Reduced LPL
activity and
impaired clear-
ance of TG-rich
lipoproteins
Shift toward a
more athero-
genic profile
Accumulation
of ApoB-
containing
lipoproteins
secondary to
reduced clear-
ance

HDL-C oor | —or |

TG <—orslightly 1

LDL par-
ticle quality

<—or1sd-LDL 1 sd-LDL

ApoB - <> or slightly 1

ApoA-1 - - No consis-
tent changes
reported
Lp(a) <—> 1 Impaired clear-
ance of ApoB-
containing
lipoproteins;
effect more
evident in overt

disease
TC, total cholesterol; LDL-C, low-density lipoprotein cholesterol;
HDL-C, high-density lipoprotein cholesterol; TG, triglycerides; sd-
LDL, small dense low-density lipoprotein; ApoB, apolipoprotein B;
ApoA-I, apolipoprotein A-I; Lp(a), lipoprotein(a); LDL-R, low-den-
sity lipoprotein receptor; LPL, lipoprotein lipase.

serum TSH goal [150]. Nonetheless, the daily LT4 dose
should be individualized based on factors other than actual
or ideal body weight, such as age, lean body mass, etiology
of hypothyroidism, pregnancy status, degree of TSH eleva-
tion, underlying comorbidities, and overall clinical context.
The initial daily LT4 dose requirements are generally lower
(e.g., 25-50 pg/day) in the presence of milder degrees of
hypothyroidism (e.g., SCH or serum TSH<10 mIU/L), in

@ Springer

older patients (such as those over 65 years), and/or in the
presence of coexisting comorbidities (such as ASCVD). In
patients with ASCVD and in the elderly, LT4 treatment of
hypothyroidism should be started at low doses, with doses
being titrated slowly based on serum TSH measurements
[150].

In patients with primary hypothyroidism, serum TSH is
the parameter used to adjust the LT4 dose, with target serum
TSH levels typically ranging from 0.5 to 4 mIU/L [150].
Yet, target serum TSH levels can vary based on different
factors, such as age, pregnancy and underlying comorbidi-
ties. In patients with hypothyroidism who are affected by
dyslipidemia, it is not recommended to adjust LT4 doses to
attain low-normal TSH values or high-normal triiodothyro-
nine (T3) values. In general, LT4 therapy for the treatment of
hypothyroidism-related dyslipidemia should aim to achieve
serum TSH levels within the normal range [150]. Interven-
tion studies found that achievement of serum TSH levels
between 1.5 and 3.1 mIU/L after the initiation of LT4 ther-
apy was associated with improvement of serum lipid profile
in patients with hypothyroidism-related dyslipidemia [153,
154]. However, a systematic review and meta-analysis of 99
studies conducted on patients with overt primary hypothy-
roidism found that LT4-treated subjects with normal serum
TSH levels, as compared to healthy controls, exhibited
significantly higher serum LDL-C and TC levels [155]. In
studies that had not assessed healthy controls, serum total
cholesterol levels were 209.6+3.4 mg/dL, while serum
LDL-C levels were 138.2+4.6 mg/dL. These findings sug-
gest that LT4 monotherapy at doses that normalize serum
TSH values may not always reverse hypothyroidism-related
dyslipidemia [155].

In a systematic review and meta-analysis including 166
studies (n=12,855 patients) and investigating the impact of
treatment for hypothyroidism on serum lipids, L4 therapy
in patients with OH was associated with a statistically sig-
nificant reduction in total cholesterol (by -58.4 mg/dL),
LDL-C (by -41.11 mg/dL), HDL-C (by -4.14 mg/dL), TG
(by -27.25 mg/dL), ApoA (by -12.59 mg/dL), ApoB (by
-33.96 mg/dL), and Lp(a) (by -5.6 mg/dL) [151]. The mag-
nitude of change in serum lipids was similar for studies with
more than 6 months of follow-up and for those with less than
3 months of follow-up. L4 therapy in patients with SCH was
associated with similar changes, although with a smaller
magnitude [significant reductions in TC (by -12.04 mg/dL),
LDL-C (by -11.06 mg/dL), TG (by -4.52 mg/dL), ApoB (by
-6.6 mg/dL), and Lp(a) (by -1.99 mg/dL)] [151].

Even though short-term data suggest that a preprandial
thrice-daily regimen of synthetic liothyronine (LT3)-only
therapy is superior to LT4 monotherapy in reducing TC,
LDL-C, non-HDL-C and ApoB levels in adults with pri-
mary hypothyroidism [156], large-scale, long-term studies
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are needed to establish the safety and efficacy profile of this
treatment modality as compared to the standard LT4 mono-
therapy, particularly with respect to the risk of overdosing
or underdosing, skeletal and cardiac toxicity, the need for
strict compliance to the therapeutic regimen and the incon-
venience of multiple daily dosing of LT3 (as compared to
the single daily dosing of LT4) [150].Therefore, the use of
LT3 monotherapy is currently not recommended for the
treatment of patients with hypothyroidism, including those
with hypothyroidism-related dyslipidemia. Similarly, it is
not recommended to use combination synthetic LT4 and
LT3 therapy for the management of hypothyroidism and
related dyslipidemia [150].

If hypothyroidism-related dyslipidemia remains inad-
equately treated despite normalization of serum TSH levels
under LT4 therapy, clinicians may consider titrating the LT4
dose to achieve the lower half of normal TSH range (0.5—
2.5 mIU/L), while balancing the potential benefits against
the risk of LT4 overtreatment (especially in older adults and
in patients with CV disease) [39]. In patients with hypothy-
roidism and serum lipid abnormalities, concomitant residual
CV risk and/or persistent dyslipidemia despite serum TSH
normalization after initiation of thyroid hormone replace-
ment therapy should be managed according to the inter-
national guidelines for the management of dyslipidemias,
which include healthy lifestyle changes (such as healthy
diet, regular physical exercise, smoking cessation, avoid-
ance or restriction of alcohol consumption), appropriate
weight management, and use of lipid-lowering drugs [39].

In patients with dyslipidemia related to central hypo-
thyroidism, TSH is not a reliable measure of thyroid func-
tion status, while serum FT4 levels should be assessed to
monitor the adequacy of the LT4 dose [149]. Higher FT4
values within the normal range seem to be associated with
a better serum lipid profile in patients with central hypothy-
roidism [150]. In patients with central hypothyroidism, the
primary biochemical therapeutic goal should be to maintain
the serum FT4 values within the upper half of the reference
range, although the target FT4 levels may be reduced in
older patients or in patients with coexisting comorbidities in
order to decrease the risk of overtreatment [150].

It is worth highlighting that the importance of treating
dyslipidemia in the context of hypothyroidism also relies
on the fact that hypothyroidism represents a modifiable
risk factor for statin- and fibrate-related myotoxicity [157].
Among lipid-lowering drugs, bile acid sequestrants (chole-
styramine, colestipol and colesevelam) should be avoided
in patients with hypothyroidism-related dyslipidemia,
since these drugs promote fecal excretion of thyroid hor-
mones (by binding to them and reducing their enterohepatic
recycling) [149] and interfere with the intestinal absorp-
tion of LT4 when taken simultaneously [158]. If a bile acid

sequestrant is prescribed in LT4-treated subjects, the bile
acid sequestrant and LT4 should be taken orally at least
4 h apart, in order to minimize LT4 malabsorption [133].
Among statins, the use of lovastatin should be avoided in
LT4-treated patients with hypothyroidism [152], as previ-
ous reports have described interactions between these two
drugs resulting in either exacerbation of hypothyroidism or
development of thyrotoxicosis via mechanisms that are not
fully elucidated [159].

With regard to children with SCH and OH, they should
be treated in accordance with the international guidelines
for the treatment of hypothyroidism in this population [150].
While most children with SCH do not progress to OH and
remain asymptomatic without requiring thyroid hormone
replacement therapy [149] the presence of dyslipidemia
generally requires LT4 treatment of SCH in children over
3 years of age (at doses varying by age), especially when
serum TSH levels are greater than 10 mIU/L in the setting
of thyroid peroxidase antibody (TPOADb) positivity [149]. In
fact, it has been shown that TC, LDL-C, TC/HDL-C ratio,
LDL-C/HDL-C ratio and carotid intima-media thickness are
significantly higher in children with SCH as compared to
healthy euthyroid children [160].

Nutritional intervention

In this context, nutrition plays a relevant and complemen-
tary role as an adjunct to replacement pharmacological ther-
apy, which remains the first-line treatment.

Iodine is essential for thyroid hormone synthesis, and
its deficiency leads to goitre and hypothyroidism. This
deficiency has also been associated with a more athero-
genic lipid profile, particularly in women, while adequate
supplementation may reduce the prevalence of hypercho-
lesterolemia [161, 162]. Ensuring a daily intake that meets
physiological requirements (150 pg/day in adults, accord-
ing to WHO/UNICEF/ICCIDD) represents an important
step in preventing thyroid and lipid disorders. Conversely,
excessive intake (>1 mg/day) may impair thyroid function
through the Wolff—Chaikoff effect [163].

Selenium plays an important role as an essential cofac-
tor of deiodinases, the enzymes involved in the peripheral
conversion of T4 to T3. In individuals with chronic autoim-
mune thyroiditis, a diet rich in selenium-containing foods,
such as nuts, seeds, fish, meat, and whole grains, or sele-
nium supplementation, may improve thyroid function and
reduce serum levels of anti-thyroid antibodies [164]. The
antioxidant and immunomodulatory properties of selenium
may also contribute to improvements in the lipid profile and
in the prevention of atherosclerosis. In this regard, selenium
has been suggested to reduce oxidative stress, limit lipid
peroxidation, and modulate endothelial dysfunction [165].
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Zinc, another essential micronutrient, is involved in
multiple metabolic processes [166]. Foods such as oysters,
meats, seeds, legumes and whole grains are rich sources of
it. Zinc may improve insulin sensitivity and enhance insu-
lin secretion, thereby reducing the FFAs release to the liver
and VLDL synthesis, potentially leading to decreased TG
and LDL-C levels [166]. Clinical and preclinical studies
suggest that zinc supplementation may also have beneficial
effects on thyroid function, highlighting a potential interac-
tion between micronutrients, thyroid metabolism, and lipid
homeostasis [167].

Among the various dietary patterns, the Mediterranean
diet is the most recommended, as it provides metabolic and
CV benefits while potentially favourably impacting thyroid
health [168, 169]. This diet is primarily plant-based, with
high intakes of whole grains, fruits, vegetables, extra-virgin
olive oil, and moderate alcohol consumption with meals. In
particular, the use of extra-virgin olive oil appears to be asso-
ciated with improvements in thyroid function in individuals
with hypothyroidism [170]. The intake of polyunsaturated
-3 fatty acids, such as those found in fish oil, not only
reduces TG and cholesterol levels but may also enhance the
lipid-lowering effects of thyroid hormones. Omega-3 fatty
acids may modulate certain hepatic hormonal signaling
pathways, including mitochondrial glycerol-3-phosphate
dehydrogenase activity, thereby contributing to the regula-
tion of lipid metabolism [171].

Phytosterols, present in nuts, vegetable oils, legumes,
and whole grains, compete with cholesterol for intestinal
absorption, thereby lowering total and LDL-C levels [172].
Preclinical studies also suggest that phytosterol intake may
enhance thyroid activity, particularly when combined with
probiotics [173].

Cruciferous vegetables (or Brassicaceae), such as broc-
coli, cauliflower, and Brussels sprouts, have been described
as goitrogenic when consumed in large amounts, due to
their high content of goitrin, which interferes with thyroid
function by inhibiting thyroid peroxidase activity [168,
174]. However, a recent meta-analysis has highlighted that
including cruciferous vegetables in the daily diet, particu-
larly with adequate iodine intake, does not appear to nega-
tively affect thyroid function [175]. Moreover, dietary intake
of Brassicaceae has been reported to favorably influence the
lipid profile, with significant reductions in TC, LDL-C, and
oxidized LDL levels [176].

Soy is a debated component of the diet: its consumption
is associated with improvements in the lipid profile [177],
but due to its isoflavone content, it may reduce the absorp-
tion of thyroid hormones in individuals with hypothyroidism
undergoing replacement therapy, potentially necessitating
an increase in dosage [178].
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Therefore, in individuals with dyslipidemia associated
with hypothyroidism, a recommended nutritional approach
includes reducing saturated and trans fats in favour of mono-
and polyunsaturated fats, ensuring regular fiber intake, and
limiting simple sugars and alcohol. These strategies, com-
bined with adequate intake of iodine, selenium, and zinc, as
well as mindful consumption of cruciferous vegetables and
soy, may support thyroid function, improve the lipid pro-
file, and reduce CV risk, complementing pharmacological
therapy.

Hyperthyroidism
Pathophysiological mechanisms

Hyperthyroidism is a condition that profoundly accelerates
energy metabolism [179]. Among its systemic effects, alter-
ations in the lipid profile are particularly relevant, establish-
ing a bidirectional relationship between thyroid function
and lipoprotein metabolism. Specifically, hyperthyroid-
ism leads to a decrease in TC, LDL-C, HDL-C, Lp(a), and
ApoA-I and ApoB, whereas TG tend to remain unchanged,
with slight variations depending on the clinical picture and
the rate of thyroidal transition. The underlying pathophysi-
ological mechanisms are multifactorial [179].

The liver represents the main organ through which thy-
roid hormones regulate cholesterol homeostasis [180]. T3
exerts a direct effect on the transcription of the LDL-Rs
by promoting its hepatic expression through the SREBP-2
pathway. The increased number of LDL-Rs enhances LDL
clearance and reduces plasma cholesterol levels. In paral-
lel, T3 induces HMG-CoA reductase, the key enzyme of
endogenous cholesterol synthesis; however, the augmented
hepatic uptake exceeds the increase in intracellular synthe-
sis, resulting in a net reduction of circulating LDL-C [180].

A key post-transcriptional regulator of cholesterol metab-
olism is PCSK9, which promotes lysosomal degradation of
LDL-Rs [181]. It has been demonstrated that T3 suppresses
hepatic PCSK9 expression; consequently, this mechanism
preserves LDL-Rs density on the hepatocyte surface and
enhances LDL clearance [181].

Another crucial mechanism concerns biliary excretion
regulation [179]. T3 stimulates cholesterol-7a-hydroxylase
(CYP7AL1), the rate-limiting enzyme of bile acid synthe-
sis, favouring the conversion of cholesterol into bile salts
and their faecal elimination, thereby further contributing to
plasma cholesterol reduction [179].

Thyroid hormones increase lipid turnover through com-
bined activation of key enzymes [180]. In adipose tissue, Ts
stimulates lipolysis via activation of adipose TG lipase and
enhancement of mitochondrial fatty acid oxidation. In the
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liver and circulation, hyperthyroidism increases the activity
of LPL and hepatic lipase (HL), facilitating TG hydrolysis
and VLDL catabolism. The overall result is often a reduction
in plasma TG, although normal or even elevated levels can
occur, depending on diet, the degree of hypermetabolism,
and the increase in hepatic lipogenesis indirectly induced by
excessive FFAs flux [180].

HDL particles also undergo qualitative modifications
during hyperthyroidism [180]. T3 enhances the activity of
LCAT and CETP, accelerating the lipid exchange and matu-
ration cycle. This process may reduce plasma HDL-C con-
centrations while sometimes improving HDL functionality
in reverse cholesterol transport. However, the response is
heterogeneous: in some patients, HDL-C levels decrease;
in others, they remain unchanged or show alterations in
HDL2/HDL3 subfractions [180].

Beyond the direct action of thyroid hormones, TSH can
also influence lipid metabolism through independent mech-
anisms [179]. TSH receptors have been identified in hepato-
cytes and adipocytes, where TSH can modulate HMG-CoA
reductase activity and VLDL secretion. In subclinical
hyperthyroidism, these lipid effects are attenuated and often
not clinically significant [179].

The complex interplay between TSH, thyroid hormones,
and peripheral tissues accounts for the interindividual vari-
ability observed in lipid profiles [179]. The lipid alterations
associated with hyperthyroidism have relevant clinical
implications in the evaluation of CV risk [151, 179]. Gen-
erally, hyperthyroid dyslipidaemia is less atherogenic than
that associated with hypothyroidism, as it is characterised
by reduced LDL-C and Lp(a) levels. Nevertheless, the res-
toration of euthyroidism may lead to a deterioration of the
lipid profile, occasionally accompanied by an increase in
BMI and a potential rise in CV risk [151, 179].

Laboratory abnormalities

Hyperthyroidism is associated with a distinct lipid profile
compared with euthyroid or hypothyroid states, reflecting
the profound effects of thyroid hormones on lipid synthe-
sis, mobilization, degradation, and clearance [124, 182].
Patients with overt hyperthyroidism typically present with
reduced TC and LDL-C, variable HDL-C levels, and nor-
mal to slightly decreased TG concentrations. ApoB levels
are also usually decreased, consistent with a lower burden
of atherogenic lipoproteins [124, 182].

The pathophysiology underlying these laboratory abnor-
malities involves upregulation of hepatic LDL-Rs, increased
activity of hepatic and lipoprotein lipases, enhanced CETP
activity, and decreased PCSK9 [183]. Thyroid hormones
additionally promote cholesterol catabolism via increased
bile acid synthesis and excretion, thereby accelerating lipid

turnover and clearance. These mechanisms collectively
result in reduced circulating TC and LDL-C, while HDL-C
responses are more variable and may be slightly decreased
or preserved [183]. TG concentrations are generally normal
or slightly reduced, due to enhanced lipolysis and more rapid
clearance of VLDLD and chylomicron remnants mediated
by lipoprotein lipase [184]. In subclinical hyperthyroidism,
lipid changes are less pronounced but may include modest
reductions in VLDL secretion and plasma concentrations
[185].

These lipid alterations are reversible with restoration of
euthyroidism. Endocrine Society guidelines recommend
re-evaluation of the lipid profile after achieving euthyroid
status, as cholesterol concentrations may rise, potentially
unmasking or worsening underlying dyslipidemia [179].
Meta-analytic data indicate that treatment of overt hyper-
thyroidism is associated with significant increases in TC
(44.5 mg/dL), LDL-C (31.1 mg/dL), HDL-C (5.5 mg/
dL), ApoA (15.6 mg/dL), ApoB (26.1 mg/dL), and Lp(a)
(4.2 mg/dL), whereas TG changes are typically modest and
non-significant (7.3 mg/dL) [151, 153]. These effects occur
independently of the treatment modality and generally man-
ifest within three months of achieving euthyroidism [151,
153].

Clinically, unexplained reductions in TC and LDL-C, in
the absence of lipid-lowering therapy, may suggest under-
lying hyperthyroidism. Although thyroid hormone excess
generally lowers atherogenic lipids, CV risk may remain
elevated due to other systemic effects, including tachycar-
dia, arrhythmias, and increased cardiac output. Accordingly,
monitoring lipid profiles both before and after therapy is
critical to detect changes that may require intervention.

In summary, overt hyperthyroidism is characterized by
decreased TC and LDL-C, variable HDL-C levels, and
normal-to-slightly decreased TG, reflecting enhanced lipid
turnover and clearance. These laboratory abnormalities are
reversible upon achievement of euthyroidism, emphasizing
the importance of dynamic lipid monitoring in this popula-
tion Table 4.

Medical treatment

The pharmacological management of dyslipidaemia in the
context of hyperthyroidism requires a dynamic approach,
as the lipid profile of these patients is strongly influenced
by the thyroidal state and by the metabolic modifications
induced by antithyroid therapy. The clinical priority is the
restoration of euthyroidism, which itself leads to a substan-
tial remodelling of lipid metabolism and may result in an
apparent worsening of cholesterol parameters compared
with the thyrotoxic phase. This phenomenon reflects a
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Table 4 Typical lipid panel in hyperthyroidism

Parameter Change Mechanism

TC l Increased LDL-R activity and
bile acid conversion

LDL-C l Enhanced LDL clearance

HDL-C —or | Increased HL and CETP activity

TG —or | Increased LPL activity;
enhanced VLDL clearance

LDL particle no data —

quality available

ApoB l Reduced production and
enhanced clearance

ApoA-1 —or | Slightly decreased synthesis

Lp(a) > Minor or inconsistent changes

TC, total cholesterol; LDL-C, low-density lipoprotein choles-
terol; HDL-C, high-density lipoprotein cholesterol; TG, triglycer-
ides; ApoB, apolipoprotein B; ApoA-I, apolipoprotein A-I; Lp(a),
lipoprotein(a); LDL-R, low-density lipoprotein receptor; LPL, lipo-
protein lipase; HL, hepatic lipase; CETP, cholesteryl ester transfer
protein; VLDL, very-low-density lipoprotein; VLDL, very-low-den-
sity lipoprotein.

return to normal metabolic regulation rather than a true lipid
disorder [180].

Therapeutic options for hyperthyroidism include syn-
thetic antithyroid agents—mainly methimazole and pro-
pylthiouracil—radioiodine therapy with iodine-131, and
thyroidectomy. Among these, methimazole represents the
first-line treatment in most cases because of its efficacy
and safety profile. It is administered at initial doses of 2.5—
10 mg/day, with progressive titration based on clinical and
biochemical response [186]. Propylthiouracil, used primar-
ily during pregnancy or in cases of methimazole intoler-
ance, acts similarly by inhibiting thyroid peroxidase and the
peripheral conversion of T4 to T3 [186].

Although the main goal of antithyroid therapy is the nor-
malisation of thyroid function, it has direct implications
for lipid metabolism. Several studies have shown that the
transition to euthyroidism is associated with a significant
increase in TC, LDL-C, and, to a lesser extent, HDL-C,
while TG levels tend to remain stable [179]. These varia-
tions derive both from the loss of the hypocholesterolaemic
effect exerted by thyroid hormones and from drug-induced
hepatic gene expression changes [187].

The magnitude of TC and LDL-C increase varies across
studies but averages 3045 mg/dL and 25-35 mg/dL,
respectively, compared with baseline thyrotoxic values
[179]. Although this rise reflects a return to normal meta-
bolic function, it may carry residual CV risk in predisposed
individuals, thereby warranting careful monitoring of the
lipid profile during and after thyroid normalisation [188].

The initiation or modification of lipid-lowering therapy
should be carefully evaluated in relation to the thyroidal
status [151, 179]. Since the lipid profile is profoundly influ-
enced by thyroid hormone concentrations, the treatment of
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dyslipidaemia should not be initiated or adjusted during the
thyrotoxic phase, when cholesterol levels are artificially
reduced. The lipid profile should be reassessed 3—6 months
after antithyroid therapy, once stable euthyroidism has been
achieved. Only then, if elevated LDL-C or TC values per-
sist beyond individual targets, is the introduction of lipid-
lowering treatment indicated according to the patient’s CV
risk profile [151, 179].

Statins represent the first-line class of agents for man-
aging persistent dyslipidaemia following thyroid normali-
sation, owing to their well-established efficacy in reducing
CV risk [189]. However, in hyperthyroid patients or those
receiving antithyroid therapy, caution is advised with high-
dose statins, since the risk of myopathy may be increased
in the presence of hepatic dysfunction or altered muscular
energy metabolism [190].

The choice of statin—such as atorvastatin or rosuvas-
tatin—and its dosage should be based on a careful evalu-
ation of hepatic function and the overall pharmacological
profile, with periodic monitoring of liver enzymes and cre-
atine kinase [191]. In cases where dyslipidaemia is resistant
to treatment or statin intolerance/contraindications exist,
intestinal cholesterol absorption inhibitors such as ezeti-
mibe, or, in high CV risk patients, PCSK9 inhibitors (Ali-
rocumab or Evolocumab), may be considered. These agents
enhance hepatic LDL clearance [192].

Particular attention should be paid to patients treated
with radioiodine or undergoing thyroidectomy, in whom
iatrogenic hypothyroidism may constitute an additional
risk factor for dyslipidaemia. Insufficient levothyroxine
replacement therapy can further elevate TC and LDL-C
levels, making close monitoring of both thyroid and lipid
parameters essential [179]. In these cases, dose adjustment
of levothyroxine is the first therapeutic step, as it alone can
substantially improve the lipid profile [179].

Thus, the pharmacological management of dyslipidae-
mia associated with hyperthyroidism must be individualised
and grounded on close integration between endocrine con-
trol and metabolic assessment. Achieving and maintaining
euthyroidism are prerequisites for an accurate interpretation
of the lipid profile and for determining the need for lipid-
lowering therapy. Only after thyroid function has stabilised
can the targeted use of statins or other lipid-lowering agents
ensure effective CV risk reduction while preserving treat-
ment safety.

Nutritional intervention
Nutritional therapy represents a key component in the

clinical management of hyperthyroidism, aimed at stabi-
lising energy homeostasis, preserving lean body mass, and
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modulating associated dyslipidaemias, thereby contributing
to an overall reduction in CV risk.

Thyroid hormone overproduction induces a marked
increase in basal metabolic rate, an acceleration of protein
catabolism, and significant alterations in lipid metabolism.
In this context, dietary intervention should be individualised
to counteract catabolic effects, optimise the lipid profile, and
mitigate systemic oxidative stress.

The goal of nutritional therapy is twofold: to maintain
an adequate energy balance and to modulate the lipid pro-
file, reducing residual atherogenicity. Excessive dietary
restriction should be avoided, as it may exacerbate protein
catabolism and sarcopenia; conversely, an excessive caloric
surplus may worsen dyslipidaemia. The ideal energy intake
should be neutral or slightly positive, tailored to individual
energy expenditure, preferably determined by indirect calo-
rimetry or predictive equations corrected for thyroidal status
[193, 194].

Adequate protein intake is crucial to preserve lean mass,
support hepatic function, and sustain the synthesis of HDL-
C. Evidence suggests a requirement of 1.2—-1.6 g/kg/day,
increasing up to 2.0 g/kg/day under metabolic stress or in
cases of significant weight loss [195]. Intakes below 0.8 g/
kg/day are associated with a risk of muscular atrophy and
functional impairment [196].

Lean, high-quality protein sources — such as fish, poul-
try, legumes, soy, and low-fat dairy products — should be
prioritised, while red and processed meats should be limited
to reduce saturated fat intake and CV risk [197].

Plant-based proteins additionally provide dietary fibre
and bioactive phytocompounds beneficial to lipid metabo-
lism; however, vegetarian diets require attention to adequate
intake of iron, zinc, calcium, vitamin B12, and iodine [196,
197].

Total fat intake should represent 25-35% of total daily
calories, with a predominance of monounsaturated and
polyunsaturated fatty acids derived from extra virgin olive
oil, oily fish, nuts, and seeds. Reduction of saturated fats
and elimination of trans fats are well-established recom-
mendations, as these compounds aggravate dyslipidaemia
and increase CV risk [196, 197].

Regular consumption of omega-3 fatty acids (EPA and
DHA) is recommended, since they reduce plasma TG,
improve HDL functionality, and modulate inflammatory
activity [198].

From a carbohydrate perspective, hyperthyroidism pro-
foundly alters glucose homeostasis, increasing gluconeo-
genesis, reducing glycogen synthesis, and inducing insulin
resistance with consequent glycaemic fluctuations [199].

It is therefore essential to favour low-glycaemic-index
complex carbohydrates from whole grains, legumes, fruits,
and vegetables. These fibre- and micronutrient-rich foods

ensure gradual glucose release, attenuate postprandial gly-
caemic peaks, and improve insulin sensitivity, with benefi-
cial effects on TG control [197, 200].

Among proposed dietary models, the Mediterranean diet
shows the strongest scientific evidence for improving lipid
profiles and preventing CV disease. Characterised by high
consumption of plant-based foods, predominant use of olive
oil, regular fish intake, moderate dairy consumption, and
limited red meat, the Mediterranean diet has been shown
to significantly reduce LDL-C, increase HDL-C, lower TG,
and decrease blood pressure [201].

These benefits derive from its high content of unsaturated
fatty acids, fibre, polyphenols, and natural antioxidants
[201]. From an inflammatory standpoint, this dietary pat-
tern reduces levels of C-reactive protein, interleukin-6, and
TNF-a, improving endothelial function and reducing oxida-
tive stress, which is particularly pronounced in hyperthyroid
patients [201].

Long-term adherence to the Mediterranean diet is associ-
ated with a significant reduction in CV events and overall
mortality, establishing it as the reference model for second-
ary prevention [202].

Hyperthyroidism also increases the production of ROS
and reduces total antioxidant capacity, promoting endothe-
lial damage and atherosclerotic progression [203]. There-
fore, a high intake of colourful fruits and vegetables, berries,
green tea, dark chocolate, and high-phenolic-content extra
virgin olive oil is recommended. These foods are rich in
polyphenols, flavonoids, and vitamins C and E, which syn-
ergistically limit LDL oxidation and improve vascular reac-
tivity [203].

Finally, meal distribution plays a complementary role in
metabolic stabilisation [203, 204]. Dividing food intake into
four or five regular meals per day promotes glycaemic sta-
bility, reduces excessive lipolysis, and attenuates lipid vari-
ability. Fractional meal patterns help prevent postprandial
glycaemic and insulin spikes, enabling faster suppression
of postprandial lipolysis and reducing the release of free
fatty acids — which are elevated during fasting in hyperthy-
roidism and rapidly normalised after meals. This approach
enhances energy efficiency and improves substrate metabo-
lism control [203, 204].

After achieving euthyroidism, dietary strategies can be
adjusted to prevent compensatory increases in plasma lipid
levels.
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Addison’s disease
Pathophysiological mechanisms

Cortisol exerts complex and multifaceted effects on lipid
metabolism at both systemic and tissue-specific levels
[205]. The number of genes involved in lipid metabolism
regulated by glucocorticoids (GCs) varies according to tis-
sue type and experimental model, ranging from at least 274
in murine adipocytes to 585 transcripts across nine major
metabolic tissues in mice [206]. In hepatic tissue, GC recep-
tor activation regulates hundreds of genes coordinating lipid
synthesis, oxidation, and transport [207].

Key GC-regulated genes with clinical relevance include:
in adipose tissue, stearoyl-CoA desaturase 1/2/3 (SCD1/2/3),
glycerol-3-phosphate  acyltransferase 3/4 (GPAT3/4),
1-acylglycerol-3-phosphate O-acyltransferase 2 (AGPAT?2),
lipin-1 (LPIN1), hormone-sensitive lipase (LIPE), mono-
acylglycerol lipase (MGLL), cluster of differentiation 36
(CD36), low-density lipoprotein receptor-related protein 1
(LRP1), very low-density lipoprotein receptor (VLDLR),
and solute carrier family 27 member 2 (SLC27A2); in
hepatic tissue, angiopoietin-like 4 (ANGPTL4), sterol regu-
latory element-binding protein 1c (SREBPIc), fatty acid
synthase (FASN), carbohydrate response element-binding
protein (ChREBP), hes family bHLH transcription factor 1
(Hes-1), and sphingosine-1-phosphate receptor 2 (S1PR2)
[208]. The number and identity of regulated genes are
highly context-dependent, with individual genetic variation
further modulating the transcriptomic response and meta-
bolic complication risk [208].

Acutely, cortisol stimulates lipolysis, enhancing free
fatty acid and glycerol mobilization from both subcutane-
ous and visceral adipose tissue, as demonstrated in vivo and
in vitro [209, 210]. In chronic excess states, cortisol pro-
motes characteristic adipose tissue redistribution, increasing
visceral fat deposition while reducing peripheral fat stores,
thereby contributing to central obesity [209, 210].

Conversely, in Addison’s disease, clinically characterized
by weight loss, anorexia, postural hypotension, profound
fatigue, muscular and abdominal pain, and hyponatremia,
the lipid profile is typically normal or reduced, and dyslipid-
emia is not characteristic of untreated adrenal insufficiency
[211]. Addison’s disease is associated with reduced lipoly-
sis, impaired gluconeogenesis, and decreased fatty acid
mobilization, resulting in diminished total cholesterol and
HDL-C levels, particularly without GC replacement therapy
[211]. Patients with secondary adrenal insufficiency exhibit
lower HDL-C and adiponectin concentrations compared to
controls, with these parameters increasing dose-dependently
following GC replacement [212].
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Cortisol deficiency profoundly disrupts lipid metabo-
lism through multiple interconnected mechanisms affect-
ing hepatic, adipose, and vascular tissues [213]. At the
hepatic level, cortisol normally stimulates apolipoprotein
B100 (ApoB100) and microsomal TG transfer protein gene
expression, essential for VLDL assembly and secretion. In
its absence, VLDL production decreases, leading to reduced
total cholesterol and LDL-C levels [214]. Additionally,
cortisol deficiency diminishes HMG-CoA reductase activ-
ity, further reducing endogenous cholesterol biosynthesis,
while impaired gluconeogenesis limits substrate availability
for de novo lipogenesis. Hepatic LDL-R expression is also
dysregulated, altering lipoprotein clearance, and decreased
fatty acid B-oxidation promotes hepatic TG accumulation
[214].

In adipose tissue, cortisol normally potentiates catechol-
amine-mediated lipolysis through hormone-sensitive lipase
activation [214, 215]. Its deficiency impairs basal lipolysis
and reduces adipose TG lipase activity, disrupting the bal-
ance between lipolysis and lipogenesis. Furthermore, corti-
sol modulates lipoprotein lipase activity in adipose tissue,
and its absence leads to reduced circulating TG clearance
and impaired chylomicron and VLDL particle hydrolysis
[214, 215].

Cortisol deficiency paradoxically increases insulin sen-
sitivity while simultaneously impairing gluconeogenesis,
creating hypoglycemic episodes that further limit substrate
availability for lipid synthesis. Cortisol also regulates key
gluconeogenic enzymes including PEPCK and G6Pase,
whose reduced expression disrupts interconnected glucose
and lipid metabolism pathways.

Beyond direct metabolic effects, cortisol deficiency elim-
inates crucial anti-inflammatory actions, resulting in ele-
vated pro-inflammatory cytokines including TNF-a, IL-6,
and IL-1p [216]. These cytokines directly inhibit lipoprotein
lipase activity and alter HDL-C metabolism, while increased
CRP reflects systemic inflammation. Enhanced oxidative
stress increases ROS production, promoting LDL-C oxi-
dation into highly atherogenic oxidized LDL particles and
contributing to endothelial dysfunction. These mechanisms
collectively explain the increased CV risk despite appar-
ently favorable lipid profiles in untreated patients [216].

Based on studies identifying AMPK as a key mediator of
metabolic alterations induced by chronic GC excess, corti-
sol deficiency would theoretically produce inverse effects
on AMPK activity[217]. In Cushing’s syndrome, AMPK
activity is significantly inhibited in visceral adipose tis-
sue and cardiac muscle. In adrenal insufficiency, removal
of this inhibitory signal should stimulate AMPK in these
tissues, activating catabolic pathways like fatty acid oxi-
dation and preventing visceral fat deposition, consistent
with observed weight loss. Conversely, since GC excess
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stimulates hypothalamic AMPK (driving increased appe-
tite) and hepatic AMPK activity (contributing to fatty liver),
adrenal insufficiency should result in AMPK inhibition at
these sites. Hypothalamic AMPK reduction would contrib-
ute to anorexia, while decreased hepatic AMPK would pre-
vent GC-induced lipogenesis and hepatic steatosis [217].

Finally, 11B-hydroxysteroid dehydrogenase type 1 (11pB-
HSD1) plays a central role in lipid metabolism by locally
regulating GC activity, converting inactive cortisone into
active cortisol in metabolically relevant tissues such as liver
and adipose tissue [218].

Laboratory abnormalities

At diagnosis, patients with Addison’s disease typically
exhibit normal lipid profiles, including TC, LDL-C, HDL-
C, and TG [205]. This absence of dyslipidemia likely
reflects the catabolic state induced by GC deficiency, which
suppresses lipogenesis and lipid accumulation. However,
conventional GC replacement therapy, particularly at sup-
raphysiological doses, may adversely impact lipid metab-
olism, resulting in elevated TC and LDL-C, and in some
cases, reduced HDL-C [219].

Giordano et al. reported that patients receiving standard
GC replacement exhibited increased TC, LDL-C, and TG,
with approximately 10% having LDL-C above 160 mg/
dL [220]. Notably, these alterations did not correlate with
serum hormone levels or disease duration, suggesting that
non-physiological cortisol exposure, rather than cumula-
tive disease burden, drives these changes. Non-physiologic
GC delivery, which fails to replicate the natural circadian
rhythm, likely contributes to intermittent cortisol overexpo-
sure and subsequent metabolic derangements [220].

Table 5 Typical lipid panel in Addison’s Disease

Parameter Change Mechanism

TC —ort Non-physiological GC exposure;
altered lipid metabolism

LDL-C —or ! Cortisol overexposure; impaired
circadian mimicry

HDL-C —or | Variable response to GC replacement

TG —or ! Enhanced lipogenesis under supra-
physiological GC doses

LDL particle no data —

quality available

ApoB —or ! Prolonged circulation under conven-
tional GC therapy

ApoA-I —or | Altered synthesis secondary to hor-
mone replacement

Lp(a) — Largely unaffected

TC, total cholesterol; LDL-C, low-density lipoprotein choles-
terol; HDL-C, high-density lipoprotein cholesterol; TG, triglycer-
ides; ApoB, apolipoprotein B; ApoA-I, apolipoprotein A-I; Lp(a),
lipoprotein(a); GC, glucocorticoids.

Modified-release hydrocortisone formulations have been
developed to more closely mimic physiological cortisol
secretion. Dual-release hydrocortisone therapy has demon-
strated beneficial effects on lipid metabolism in both pri-
mary and secondary adrenal insufficiency. Johannsson et al.
observed modest TG increases and reductions in HDL-C
in most patients after 24 weeks, while TC decreased, sug-
gesting potential long-term CV benefit [221]. Similarly,
Quinkler et al. reported slight reductions in TC with dual-
release hydrocortisone compared to conventional therapy,
with minimal changes in LDL-C, HDL-C, or TG [222].
Italian cohorts confirmed reductions in TC and LDL-C,
while effects on HDL-C were inconsistent [223-225]. In
secondary adrenal insufficiency, divergent results have been
observed, with some studies showing TG increases and oth-
ers reporting decreased HDL-C or no significant changes in
TC, LDL-C, or tTG [226, 227].

Genetic variability in the GC receptor further modulates
individual lipid responses. Polymorphisms such as Bcll
and N363S, which increase GC sensitivity, are associated
with adverse lipid profiles, whereas ER22/23EK, conferring
reduced sensitivity, is linked to lower LDL-C and a more
favorable metabolic profile [228]. Giordano et al. demon-
strated that homozygosity for the Bcll allele is associated
with higher prevalence of hypercholesterolemia and hyper-
triglyceridemia, independent of disease duration or GC
dose, highlighting the role of genetic predisposition [229].

In conclusion, untreated Addison’s disease is generally
not associated with dyslipidemia. Conventional GC replace-
ment may induce lipid alterations, including elevated TC,
LDL-C, and TG, and occasionally reduced HDL-C. Modi-
fied-release hydrocortisone partially mitigates these effects,
and GC receptor polymorphisms further modulate individ-
ual susceptibility Table 5.

Medical treatment

Assessment of concomitant endocrine and autoimmune con-
ditions is essential to guide clinicians in selecting the most
appropriate lipid-lowering strategy in patients with auto-
immune Addison’s disease. Routine screening of thyroid
function (see section on thyroid disorders) is recommended,
along with assessment for other autoimmune conditions
such as premature ovarian failure, celiac disease, and atro-
phic gastritis, as these disorders can significantly influence
lipid metabolism and should be identified and managed
before initiating lipid-lowering therapy. Similarly, patients
with secondary adrenal insufficiency may present with con-
comitant pituitary deficiencies that impact lipid metabolism
and require specific management approaches, including
hypogonadotropic hypogonadism, growth hormone defi-
ciency, central hypothyroidism, and hyperprolactinemia.
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Optimization of GC replacement should be undertaken
before or alongside lipid-lowering therapy, since both the
total daily dose and circadian pattern of administration
influence lipid metabolism and CV risk. Among immedi-
ate-release formulations, current evidence suggests that
prednisolone is less favorable compared to short-acting
formulations such as hydrocortisone or cortisone acetate,
although this might be influenced by total daily dose and
overall GC exposure [230]. Data on the impact of dual-
release hydrocortisone on cholesterol and TG levels remain
inconsistent; however, this formulation may still represent
the preferred option, particularly given its beneficial effects
on body weight, metabolism, and immune function, which
may contribute to an overall more favorable CV risk pro-
file [231]. Continuous subcutaneous hydrocortisone infu-
sion provides improved cortisol exposure—time profiles
and clinical outcomes, although evidence on its effects on
lipid parameters remains limited [232]. Regardless of the
formulation used, GC overtreatment should be avoided,
with recommended target daily doses of 15-25 mg/day for
hydrocortisone or 3—5 mg/day for prednisolone [233, 234].

In case of persistent dyslipidemia despite optimization of
GC replacement, lipid-lowering therapy may be initiated.
LDL-C targets should follow international CV risk—based
guidelines [39, 235]. In patients younger than 40 years, cur-
rent guidelines provide no clear pharmacological thresholds
[39, 189, 235]. Lifestyle modification remains first-line for
mildly elevated LDL-C (120-159 mg/dL), while drug ther-
apy is usually reserved for LDL-C>190 mg/dL or>160 mg/
dL with additional risk enhancers such as family history of
premature ASCVD, elevated Lp(a), or subclinical athero-
sclerosis [39, 189, 235]. The most recent ESC/EAS update
acknowledges that algorithms based on 10-year risk estima-
tion underestimate CV risk in younger adults, and increas-
ing evidence highlights that lifetime exposure to elevated
LDL-C is a major determinant of future ASCVD [236, 237].
This is particularly relevant for Addison’s disease, which
often presents in young adults who already face increased
CV morbidity and mortality, partly due to chronic GC ther-
apy [238]. Therefore, in a young adult with autoimmune
Addison’s disease who continues to show persistently ele-
vated LDL-C (e.g., 140-150 mg/dL) despite an optimized
GC replacement and lifestyle intervention, it may be rea-
sonable to consider initiating lipid-lowering therapy. Such
decisions should be individualized, accounting for other
risk factors, family history, and disease duration, while rec-
ognizing that conventional risk scores likely underestimate
long-term risk in this population.

Statins remain the first-line therapy to reduce LDL-C
[39, 235]. Dose and formulation should be determined by
baseline levels and desired target LDL-C. GC replacement
at physiological doses was not found to limit statin efficacy
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in lowering cholesterol levels. Ezetimibe can be added in
case of suboptimal LDL-C control. Bempedoic acid has
demonstrated benefit in statin-intolerant patients and may
be considered as an alternative, while PCSK9 inhibitors
and inclisiran are indicated in patients at high or very high
CV risk not reaching LDL-C goals. Hypertriglyceridemia
should be managed with lifestyle optimization, treatment of
secondary causes, and, in high-risk cases, pharmacotherapy
[39, 235]. Statins are recommended as first drug of choice,
whereas omega-3 fatty acids, particularly high-dose icosa-
pent ethyl (EPA), have shown significant CV risk reduc-
tion in patients with persistent hypertriglyceridemia despite
statin therapy. Fibrates are reserved for severe hypertriglyc-
eridemia, with caution regarding potential drug interactions
[39, 235].

Nutritional intervention

Patients with adrenal insufficiency should receive the same
lifestyle and dietary counseling as the general population
with dyslipidemia [39, 235]. A Mediterranean dietary pat-
tern, reduction of saturated and trans fatty acids, increased
intake of polyunsaturated fats and soluble fiber, regular
physical activity (150-300 min/week of moderate inten-
sity), and weight reduction (5-10% when overweight) are
all associated with improvements in LDL-C and TG and
should be systematically recommended [39, 235].

Congenital adrenal hyperplasia
Pathophysiological mechanisms

CAH is the most frequent cause of pediatric adrenal insuffi-
ciency and presents unique factors influencing lipid metabo-
lism and cardiometabolic risk [239]. Patients with classic
CAH are exposed to exogenous GCs from early childhood,
contributing to a lifelong increased CV risk. Additionally,
CAH is characterized by chronic overactivation of the
hypothalamic—pituitary—adrenal (HPA) axis, resulting in
persistent androgen excess [239]. Androgens exert multiple
effects on lipid metabolism, including modulation of hepatic
lipase activity, influence on apolipoprotein synthesis, and
alterations in lipoprotein particle size and composition
[240, 241]. To suppress androgen overproduction, supra-
physiological doses of GCs are often required, frequently
using long-acting formulations (e.g., dexamethasone) and
reverse-circadian schedules to blunt early-morning HPA
surges [242, 243]. The combination of chronic androgen
excess and high-dose GC therapy further impairs gonadal
function in both men and women, aggravating adverse met-
abolic outcomes [242, 243]. These hormonal perturbations,
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together with treatment-related factors, predispose CAH
patients to insulin resistance, weight gain, unfavorable body
composition, hypertension, and endothelial dysfunction,
thereby creating a milieu conducive to dyslipidemia and CV
risk [244].

Laboratory abnormalities

Lipid profiles in CAH are heterogeneous across ages, sex,
phenotypes, and treatment regimens, making a typical pat-
tern difficult to define. In pediatric and adult populations,
low HDL-C levels are frequently reported, particularly in
patients with poorly controlled androgen excess [245, 246].
Elevated TG are recurrent in children, adolescents, and
adult women, especially in the context of persistent andro-
gen exposure [247]. Increases in LDL-C and TC have also
been observed, though less consistently across cohorts [244,
248]. Meta-analytic data do not show pooled differences in
TC, LDL-C, HDL-C, or TG between CAH patients and con-
trols, highlighting the influence of genotype, GC regimen,
and comorbidities on circulating lipid levels [239]. Despite
the variability in standard lipid parameters, adults with
CAH exhibit increased cardiometabolic risk, underscoring
that conventional lipid panels may underestimate the com-
plexity of lipid metabolism dysregulation in this population
Table 6.

Medical treatment
In fully grown patients with CAH, latest guidelines recom-

mend optimizing total daily GC dose in the range between
15-25 mg/day hydrocortisone equivalents [239]. Chronic

Table 6 Typical lipid panel in congenital adrenal hyperplasia

Parameter Change Mechanism

TC —ort Chronic androgen excess and
GC exposure

LDL-C —ort Enhanced production and
reduced clearance

HDL-C l Androgen-induced increase in
hepatic lipase activity

TG —or ! GC therapy and androgen excess
stimulate VLDL synthesis

LDL particle no data —

quality available

ApoB —ort Increased atherogenic lipopro-
tein production

ApoA-I —or ] Reduced synthesis due to andro-
gen excess

Lp(a) > No consistent changes reported

TC, total cholesterol; LDL-C, low-density lipoprotein cholesterol;
HDL-C, high-density lipoprotein cholesterol; TG, triglycerides;
VLDL, very-low-density lipoprotein; ApoB, apolipoprotein B;
ApoA-I, apolipoprotein A-I; Lp(a), lipoprotein(a); GC, glucocorti-
coids.

use of long-acting, potent GCs (e.g. dexamethasone or
prednisolone) administered in an anti-circadian fashion, is
strongly disfavored, as these regimens undermine cardio-
metabolic health [239]. However, in severe cases of CAH,
standard treatment with short acting GCs may be insufficient
in providing an adequate disease control. In this scenario,
modified release hydrocortisone, offers a more physiological
alternative to long-acting GCs. This formulation provides
a more shaped circadian cortisol profile, and allows dose
reductions in daily GCs without worsening lipid parameters
[239]. Indeed, biochemical control improved under modi-
fied release hydrocortisone [249], and recently published
data from a 4-year longitudinal follow-up showed a minor
increase in median HDL-C and unchanged TG levels in a
cohort of patients shifting from conventional HC to modi-
fied release hydrocortisone and decreasing total daily dose
from 30 to 20 mg/day [249, 250]. Thus, in patients with
CAH, shifting to modified release hydrocortisone is recom-
mended, especially in patients receiving chronic long-acting
GC therapy.

In case of persistent dyslipidemia in patients with CAH
despite optimal dietary and lifestyle interventions, opti-
mized GC therapy and biochemical control, lipid-lowering
interventions can be considered [39, 235]. Management tar-
gets for LDL-C should follow general CV risk stratification
according to international guidelines [39, 235].

Nutritional intervention

Lifelong GC treatment starting from childhood increases
the risk of obesity and overweight in patients with CAH
[239, 251]. Furthermore, impaired dietary decision-making
has been described in children and adolescents with CAH,
underscoring the importance of structured nutritional educa-
tion and behavioral support [252]. Accordingly, systematic
dietary counseling and nutritional follow-up should ideally
be implemented from pediatric age and reinforced during
the transition to adulthood, to support healthy growth, opti-
mize body composition, and mitigate long-term cardiometa-
bolic risk [253].

Cushing’s syndrome
Pathophysiological mechanisms

GCs play a central role in the pathogenesis of dyslipidemia
in Cushing’s syndrome through multifaceted mechanisms
that influence lipid mobilization, adipose tissue distribution,
and hepatic lipid metabolism [254, 255]. Chronic GC excess
establishes a metabolic milieu characterized by concurrent
activation of lipolytic and adipogenic pathways, leading to
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the redistribution of adipose tissue and the emergence of an
atherogenic lipid profile [254, 255].

GCs enhance plasma FFA concentrations primarily by
stimulating key lipolytic enzymes such as adipose TG lipase
and hormone-sensitive lipase (HSL) [256]. This stimula-
tion occurs via activation of the cyclic AMP (cAMP)—pro-
tein kinase A (PKA) signaling cascade and inhibition of
phosphodiesterase 3B (PDE3B), which prolongs intracel-
lular cAMP activity [215, 256]. GCs further potentiate the
lipolytic effects of catecholamines and growth hormone,
thereby reinforcing lipid mobilization during sustained GC
exposure [257, 258].

Despite their lipolytic action, chronic GC excess para-
doxically promotes adipose tissue expansion. Persistent GC
exposure increases the expression and activity of LPL, the
enzyme responsible for hydrolyzing TG from circulating
VLDL and chylomicrons, thus facilitating FFA uptake and
TG re-esterification within adipocytes [259, 260]. The liver
contributes to this process by augmenting VLDL synthe-
sis and secretion, further driving lipid flux toward adipose
depots [261, 262]. The resulting phenotype—characterized
by visceral adiposity and subcutaneous fat depletion—is
attributed to the heightened sensitivity of visceral adipo-
cytes to GCs, potentially mediated by tissue-specific dif-
ferences in GC receptor isoform expression and signaling
[263].

Local amplification of GC action intensifies adipogen-
esis via increased expression of 11B-hydroxysteroid dehy-
drogenase type 1 (11B-HSD1) and hexose-6-phosphate
dehydrogenase (H6PDH), enzymes that regenerate active
cortisol intracellularly [264]. GC-inducible factors such as
LIM domain only 3 (LMO3) and Dexrasl (Rasdl) further
promote adipocyte differentiation by enhancing peroxisome
proliferator-activated receptor gamma (PPARYy) activation
[264]. Moreover, GCs modulate MAPK signaling through
FOXO1-mediated upregulation of MAPK phosphatase-3
(MKP-3), influencing both adipocyte proliferation and mat-
uration [265].

The effects of GCs on lipolysis are context-dependent,
varying with exposure duration and tissue specificity [257].
Acute GC elevations, as during physiological stress, tran-
siently enhance lipolysis and FFA turnover [266]. Con-
versely, chronic GC exposure shifts the balance toward TG
storage, particularly in visceral fat and hepatic tissue [266].
Persistent FFA excess promotes ectopic lipid accumulation
in insulin-sensitive organs, activating stress kinases such as
c-Jun N-terminal kinase (JNK) and IKK-3, which phosphor-
ylate insulin receptor substrates and disrupt downstream
insulin signaling, leading to systemic insulin resistance—a
defining metabolic feature of Cushing’s syndrome [266].

In the liver, GCs upregulate lipogenic enzymes, includ-
ing acetyl-CoA carboxylase and fatty acid synthase, while
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concurrently stimulating gluconeogenic enzymes such as
phosphoenolpyruvate carboxykinase (PEPCK) and glucose-
6-phosphatase (G6Pase) [262]. These alterations, together
with increased VLDL secretion and reduced -oxidation,
foster hepatic TG accumulation and dyslipidemia [261].
The downregulation of acyl-CoA dehydrogenase further
suppresses fatty acid oxidation, exacerbating steatosis.
Coexistent insulin resistance amplifies these metabolic dis-
turbances, creating a self-perpetuating cycle of lipid and
glucose imbalance [261].

Central nervous system alterations further complicate the
metabolic phenotype. Chronic GC excess disrupts hypo-
thalamic homeostatic circuits, enhancing endocannabinoid
tone and AMP-K signaling, which promote hyperphagia
[267]. Behavioral components may also contribute, as sus-
tained GC exposure increases preference for energy-dense,
palatable foods, aggravating weight gain and worsening
dyslipidemia [268].

Laboratory abnormalities

Overall, 37-71% of Cushing’s syndrome patients exhibit
lipid abnormalities [266]. Hypercholesterolemia occurs
in 16-60%, whereas hypertriglyceridemia is reported in
7-36% of cases [269, 270]. No consistent differences are
observed between pituitary- and adrenal-dependent Cush-
ing’s syndrome, and lipid alterations do not correlate reli-
ably with hypercortisolism severity [271, 272].

HDL-C alterations are less consistent, with reductions
in 14-36% of patients [273, 274] and up to 20% in some
cohorts [275]. Conversely, some studies report no differ-
ences versus controls, suggesting that factors beyond GC
excess—including diet, physical activity, and genetics—
modulate HDL-C [276]. Two or more lipid abnormalities
occur in~30% of patients, and elevated TC/HDL-C ratio is
reported in 24-56%, indicating that composite lipid indices
better capture CV risk than isolated parameters [273, 275].
Lp(a) data are limited and discordant, with some studies
reporting elevation and others no change [277, 278].

Dyslipidemia contributes to increased CV risk in Cush-
ing’s syndrome by accelerating atherosclerosis and pro-
moting higher CV mortality, even after hypercortisolism is
corrected [279, 280]. Coexisting metabolic derangements,
including visceral obesity, insulin resistance, hyperten-
sion, and a prothrombotic state, further compound CV risk
[281]. Arterial stiffness, measured via carotid intima-media
thickness, is increased in Cushing’s syndrome patients and
may persist post-treatment [273, 277]. Improvements in
lipid profile correlate with reductions in arterial stiffness
and enhanced endothelial function, emphasizing the benefit
of treating dyslipidemia alongside cortisol normalization
[279].
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Conventional CV risk scores, such as SCORE2, often
underestimate true risk in Cushing’s syndrome, as they fail
to incorporate disease-specific factors, including hyper-
cortisolism-induced hypercoagulability, venous throm-
boembolism risk, and persistent vascular dysfunction
[282]. Consequently, risk assessment in Cushing’s syn-
drome should employ a multidimensional, disease-tailored
approach, incorporating advanced imaging, evaluation of
subclinical atherosclerosis, and proactive management of
multiple metabolic and vascular risk factors [282] Table 7.

Medical treatment

Both hypercortisolism and specific lipid-lowering treat-
ments play a crucial role to best manage dyslipidemia in
Cushing’s syndrome.

The cornerstone of treatment for endogenous hypercorti-
solism is represented by surgical resection of the hormone-
secreting pituitary, adrenal, or ectopic tumor, and surgical
remission, or marked improvement of cortisol excess, gen-
erally produce favorable trends in lipid metabolism [283,
284].

In patients with Cushing’s disease, transsphenoidal sur-
gery for ACTH-secreting pituitary tumors is frequently
associated with significant reductions in TC and LDL-C,
particularly among women, along with decreases in total
and truncal fat mass, while HDL-C and TG showed no sub-
stantial variation [285]. However, even after long-term fol-
low-up, lipid parameters often remain above those observed
in BMI-matched healthy controls, indicating residual vascu-
lar damage and possible persistence of atherosclerotic bur-
den despite hypercortisolism resolution [273, 277]. These

Table 7 Typical lipid profile in Cushing’s syndrome

Parameter Change = Mechanism

TC 1 Increased VLDL synthesis; reduced
LDL-R activity

LDL-C 1 Reduced receptor-mediated clearance

HDL-C ! Reduced ApoA synthesis; altered HDL
maturation

TG 1 Increased VLDL secretion; decreased
LPL activity

LDL particle 1 sd-LDL Increased remnants and insulin resis-

quality tance promote atherogenic particles

ApoB 1 Increased atherogenic lipoprotein burden

ApoA-I l Reduced synthesis

Lp(a) —orf Limited and discordant data; potential

GC and metabolic effects on synthesis/
clearance

TC, total cholesterol; LDL-C, low-density lipoprotein cholesterol;
HDL-C, high-density lipoprotein cholesterol; TG, triglycerides;
VLDL, very-low-density lipoprotein; sd-LDL, small dense low-
density lipoprotein; ApoB, apolipoprotein B; ApoA-I, apolipoprotein
A-I; Lp(a), lipoprotein(a); LDL-R, low-density lipoprotein receptor;
LPL, lipoprotein lipase; GC, glucocorticoids.

findings underscore the importance of early intervention to
prevent irreversible CV changes [273, 277].

Conflicting evidence exists regarding adrenal Cushing’s
syndrome: a marked decline in LDL-C following laparo-
scopic adrenalectomy, with post-operative values approxi-
mating those of healthy controls, has been observed, even in
patients addressed to adrenalectomy for mild autonomous
cortisol secretion [286]. Conversely, other studies reported
no meaningful lipid changes post-adrenalectomy, high-
lighting heterogeneity across patient populations and study
designs [287].

An Indian cohort encompassing various forms of
endogenous hypercortisolism, including pituitary, adrenal,
ectopic, and occult etiologies, demonstrated significant
reductions in TC, LDL-C, VLDL-C, and TG after surgical
remission [275]. Improvements correlated with HbAlc lev-
els, suggesting the strict interplay between glucose and lipid
metabolism, though the overall prevalence of dyslipidemia
remained unchanged [275].

Pharmacological hypercortisolism treatment can modify
lipid metabolism both indirectly, through cortisol normal-
ization, and directly via drug-specific mechanisms [274].
Cabergoline, a dopamine agonist drug primarily used for
hyperprolactinemia and off-label for Cushing’s disease,
has limited evidence in Cushing’s disease regarding lipid
outcomes [288]. Data from hyperprolactinemic cohorts sug-
gest reductions in TC, LDL-C, and TG, likely attributable
to D2 receptor activation rather than weight or hormonal
changes [42, 289]. Pasireotide, a multireceptor somatostatin
analogue drug, predominantly targeting SSTRS, has been
demonstrated able to significantly reduce TC and LDL-C in
patients achieving urinary free cortisol control [290, 291].
Nevertheless, these benefits may be counterbalanced by the
deterioration in glucose homeostasis [290]. Regarding adre-
nal steroidogenesis inhibitors, ketoconazole exerts choles-
terol-lowering effects by inhibiting adrenal steroid synthesis
and hepatic cholesterol production, historically serving as
a therapeutic option for familial hypercholesterolemia
before the advent of statins [292, 293]. Levoketoconazole,
the 2S,4R enantiomer of ketoconazole, has demonstrated
reductions in TC and LDL-C [294]. In contrast, metyrapone
has shown negligible or inconsistent lipid effects in clini-
cal settings [295]. Osilodrostat has shown decreases in TC,
LDL-C, and TG, though concomitant HDL-C reduction has
been reported [296]. Mitotane stands out for its paradoxical
impact, significantly elevating TC and LDL-C, while con-
comitantly increasing HDL-C, likely through estrogen-like
effects and CYP450 induction [297, 298]. Mifepristone, the
GC receptor antagonist, tends to lower HDL-C and alter
HDL functionality, with inconsistent effects on LDL-C and
TG, although improves glycemia and blood pressure [299].
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Evidence on relacorilant, the investigational GC receptor
antagonist, remains insufficient [300].

Regarding lipid-lowering treatments, given the elevated
CV risk in patients with Cushing’s syndrome, an intensive
approach is warranted, even after Cushing’s syndrome
remission [39, 179, 235]. LDL-C remains the primary
therapeutic target, with recommended goal<70 mg/dL
[39, 179, 235]. Statins are first-line agents to be consid-
ered if LDL>70 mg/dl, but drug—drug interactions require
attention: ketoconazole and metyrapone inhibit CYP3A4,
increasing statin plasma concentrations, whereas mitotane
accelerates cholesterol synthesis and is metabolized via
CYP3A4, favouring pravastatin or rosuvastatin in these
contexts [297, 301]. If LDL target still remains unmet, ezeti-
mibe is a safe adjunct, and PCSK9 inhibitors can be consid-
ered, with successful use reported in patients on mitotane
[302, 303].

Current understanding suggests that, besides the chronic
GC excess, elements of metabolic syndrome, such as vis-
ceral obesity, insulin resistance, and type 2 diabetes, may
independently contribute to the development of an athero-
genic lipid profile in patients with Cushing’s syndrome
[271, 277]. This multifactorial origin complicates the
management of dyslipidemia in Cushing’s syndrome and
emphasizes the importance of a comprehensive metabolic
evaluation, and a long-term lipid management even after
endocrine remission.

Nutritional intervention

Nutritional interventions play a crucial role in managing
dyslipidemia and improving the overall metabolic health
[304].

Low-carbohydrate and ketogenic diets have shown prom-
ise results in improving metabolic parameters in Cushing’s
syndrome [304]. These dietary patterns can lead to weight
loss, reduced inflammation, and improvements in lipid pro-
files, including reductions in TC and TG levels [304]. Spe-
cifically, very low-energy ketogenic therapy (VLEKT) and
low-carbohydrate ketogenic diets have been demonstrated
to effectively improve metabolic disorders in Cushing’s dis-
ease, suggesting that nutritional interventions can comple-
ment conventional therapies to enhance metabolic and CV
health. Furthermore, a ketogenic diet may suppress ghre-
lin, a hormone that stimulates hunger, potentially aiding in
appetite and weight control in patients with Cushing’s syn-
drome. However, the long-term effects and safety of such
diets in patients with Cushing’s syndrome require further
investigation [304].

In addition to carbohydrate restriction, managing the
other macronutrients protein and fat intake is crucial [305].
Adequate protein consumption supports muscle mass,
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which can be compromised in Cushing’s syndrome due
to the catabolic effects of cortisol excess. Sources of lean
protein, such as poultry, fish, tofu, and legumes, should be
emphasized [305].

Regarding fats, incorporating healthy fats from sources
like avocados, nuts, and olive oil can provide essential FFA
and support the overall metabolic health [304, 305].

Concomitantly, micronutrients supplementation is rec-
ommended due to their deficiency commonly observed in
patients with Cushing’s syndrome, mainly related to altered
metabolism and dietary restrictions [306]. Specifically, an
adequate intake of calcium and vitamin D is particularly
important, especially considering that patients with Cush-
ing’s syndrome are at increased risk for osteoporosis to
mitigate bone loss. Notably, beyond the bone effect, vita-
min D supplementation has been associated with improve-
ments in lipid profiles in patients with Cushing’s syndrome,
highlighting its potential role also in managing dyslipidemia
[306].

Reducing sodium intake, by limiting processed foods
and avoiding added salt, is suggested to improve the blood
pressure control, considering that the elevated sodium reten-
tion and fluid imbalance exacerbate arterial hypertension
observed in Cushing’s syndrome [304, 305]. Moreover,
adequate hydration is also essential [304, 305].

Dietary strategies aimed at stabilizing blood glucose lev-
els, consuming high-fibre foods with low glycemic indices,
such as whole grains, legumes, and non-starchy vegetables,
are crucial to improve insulin sensitivity and consequently
lipid metabolism [304, 305].

Nutritional interventions are a vital component in manag-
ing dyslipidemia associated with Cushing’s syndrome [304].
While dietary modifications alone may not be sufficient,
they can significantly enhance the effects of pharmacologi-
cal treatments and contribute to improved metabolic health
and reduced CV risk [304]. Further research is needed to
establish standardized dietary guidelines and long-term out-
comes for patients with Cushing’s syndrome [179, 304].

Regular monitoring of lipid profiles, glucose levels,
and other metabolic parameters is essential to assess the
effectiveness of nutritional interventions and make neces-
sary adjustments [304]. Given the complexity of Cushing’s
syndrome and its metabolic effects, a multidisciplinary
approach involving endocrinologists, dietitians, and other
healthcare professionals is recommended to develop and
implement personalized nutrition interventions [179, 304].

Beyond the nutritional interventions, incorporating regu-
lar physical activity is an integral component of managing
dyslipidemia in Cushing’s syndrome [304]. Exercise can
improve lipid profiles, enhance insulin sensitivity, and sup-
port weight control. Patients should engage in a combination
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of aerobic and resistance training exercises, tailored to their
individual capabilities and health status [304].

Male hypogonadism
Pathophysiological mechanisms

Male hypogonadism is increasingly recognized as a con-
dition associated with adverse metabolic consequences,
among which dyslipidemia represents a major determinant
of CV risk [307, 308]. The pathophysiological mechanisms
underlying this association are multifactorial and closely
linked to androgen deficiency. Testosterone deficiency is
associated with reduced lipolysis, promotes visceral adi-
pose tissue accumulation, and fosters insulin resistance
[309, 310]. These alterations enhance hepatic VLDL syn-
thesis and impair TG clearance, leading to an atherogenic
lipid environment [311, 312]. Furthermore, reduced activ-
ity of lipoprotein lipase and hepatic lipase in hypogonadal
men is associated with decreased HDL-C and inefficient
lipid remodeling [240, 241]. The hormonal imbalance is
also accompanied by a pro-inflammatory adipokine profile
characterized by increased leptin (which promotes vascu-
lar inflammation and smooth muscle cell proliferation),
elevated TNF-a and interleukin-6 (drivers of insulin resis-
tance and endothelial dysfunction), and reduced adiponectin
(normally vasculoprotective and anti-inflammatory), further
worsening lipid abnormalities and fostering a chronic low-
grade inflammatory state that aggravates cardiometabolic
risk [313, 314]. Finally, sarcopenia, which frequently coex-
ists with hypogonadism, aggravates insulin resistance and
amplifies the dysmetabolic phenotype [315, 316].

Table 8 Typical lipid profile in male hypogonadism

Parameter Change Mechanism

TC —ort Influenced by VLDL synthesis and
insulin resistance

LDL-C —or ! Modest increase; qualitative changes

HDL-C l Reduced LPL and HL activity

TG 1 Increased VLDL synthesis; reduced
clearance

LDL particle 1 sd-LDL Shift to small, dense particles

quality

ApoB —or ! Reflects increased atherogenic
lipoproteins

ApoA-I l Reduced HDL formation

Lp(a) no data —

available

TC, total cholesterol; LDL-C, low-density lipoprotein cholesterol;
HDL-C, high-density lipoprotein cholesterol; TG, triglycerides;
VLDL, very-low-density lipoprotein; sd-LDL, small dense low-
density lipoprotein; ApoB, apolipoprotein B; ApoA-I, apolipoprotein
A-L

Laboratory abnormalities

From a laboratory perspective, dyslipidemia in male hypo-
gonadism is typically characterized by a mixed pattern. TG
are often mildly elevated, HDL-C levels are consistently
reduced, while LDL-C and total cholesterol show variable
changes, with some studies reporting modest elevations
[314, 317]. Qualitative alterations in LDL particles have
also been described, with a shift toward smaller and denser
fractions that are more atherogenic, potentially explaining
why some hypogonadal men exhibit apparently normal
LDL-C yet remain at increased CV risk [312]. These small,
dense LDL particles display reduced affinity for the LDL-R
and an increased tendency to undergo oxidative modifica-
tions, both of which enhance their atherogenic potential
[318]. As a result, hypogonadal men may accumulate dys-
functional lipoproteins that accelerate endothelial injury and
plaque formation despite apparently normal lipid values
[318] Table 8.

Medical treatment

Pharmacological treatment combines lipid-lowering agents
and endocrine interventions. Statins are first-line to lower
LDL-C, while fibrates and omega-3 fatty acids are options
in hypertriglyceridemia [319, 320]. Testosterone replace-
ment therapy, when appropriate, reduces visceral fat,
increases lean mass, and may lower TG, increase HDL-C,
and variably affect LDL-C [319, 320]. Restoration of nor-
mal testosterone through testosterone replacement therapy
or weight loss improves both metabolic and gonadal func-
tion; however, lipid-lowering therapy is often still required
to achieve guideline-recommended targets [321, 322]. The
effects of testosterone replacement therapy on lipids appear
partly mediated by improvements in body composition and
partly by direct actions on hepatic lipase and lipoprotein
lipase, though results remain heterogeneous and highlight
the importance of individualized monitoring [321, 322].

It is important to note that hypogonadism frequently
coexists with obesity and type 2 diabetes, conditions that
represent a primum movens in the development of androgen
deficiency [323—325]. Therapies that target these disorders
may therefore provide dual benefits on testosterone and lipid
metabolism. Indeed, recent data show that glucagon-like
peptide-1 receptor agonists, dual glucagon-like peptide-1/
glucose-dependent insulinotropic polypeptide receptor ago-
nists, and sodium—glucose cotransporter-2 inhibitors can
improve body weight, insulin sensitivity, and lipid profiles,
with emerging evidence also of positive effects on testoster-
one [323-325]. Beyond glycemic and weight control, these
agents also exert favorable effects on hepatic steatosis and
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vascular inflammation, which may further modulate lipid
metabolism [326].

Nutritional intervention

Given the multifaceted pathophysiology, therapeutic strat-
egies must target both hormonal and metabolic derange-
ments. Nutritional therapy remains a cornerstone, especially
in the frequent coexistence of obesity and insulin resistance
[327]. Weight reduction (through caloric restriction, physi-
cal activity, or even bariatric surgery) improves visceral adi-
posity, insulin sensitivity, and indirectly testosterone levels
[327]. The Mediterranean diet has demonstrated consistent
benefits on metabolic and hormonal parameters, particularly
in individuals with obesity and insulin resistance. VLEKT
have also shown promising short-term effects, including
rapid increases in serum testosterone and improvements in
lipid profiles [328]. However, current evidence is largely
limited to short-to-medium-term studies, and the long-term
safety, sustainability, and endocrine impact of VLEKT
remain areas of ongoing investigation.

Female hypogonadism
Pathophysiological mechanisms

Female hypogonadism, defined by reduced or absent estro-
gen production, exerts systemic effects that extend well
beyond reproductive health [329, 330]. One of its most
clinically relevant metabolic consequences is dyslipidemia,
a quantitative and qualitative alteration in plasma lipids that
significantly increases CV disease risk—the leading cause
of morbidity and mortality in women globally [329, 330].
The marked sex-related difference in coronary artery disease
observed between men and premenopausal women dimin-
ishes shortly after menopause, when CV protection con-
ferred by estrogens is progressively lost [331]. This increase
in CV risk is largely driven by a shift toward an atherogenic
lipid profile, characterized by elevated TC, LDL-C, TG, and
Lp(a), coupled with reduced HDL-C levels [332].

The earlier hypoestrogenism occurs, the greater its meta-
bolic and CV implications. It may develop physiologically
during menopause due to age-related ovarian failure or pre-
maturely in the context of primary ovarian insufficiency
(POI), whether congenital, autoimmune, or iatrogenic [333].
Early estrogen deprivation is associated with reduced lifes-
pan, whereas longer lifetime estrogen exposure has been
linked to slower epigenetic aging [334, 335]. POI is now
formally recognized as a CV risk factor, and statin therapy
is recommended in women aged 4075 years with a 10-year
CV risk of 7.5-19.9% [189]. Moreover, pooled data from
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ten observational studies involving over 200,000 postmeno-
pausal women demonstrated that surgical menopause before
age 35 or between 35 and 39 years significantly increases
CVD risk, while estrogen therapy before age 50 mitigates
this risk [336]. Similarly, women with functional hypotha-
lamic amenorrhea—a frequent cause of secondary amenor-
rhea associated with stress and hypoestrogenism—exhibit
endothelial dysfunction, visceral adiposity, and increased
CV risk [337].

Estrogens, particularly estradiol (E2), play a central role
in lipid homeostasis. At the hepatic level, they upregulate
LDL-R, enhance ApoA-I synthesis—the main structural
component of HDL—and suppress hepatic production of
ApoB100, necessary for VLDL assembly [338, 339]. Estro-
gen deficiency therefore decreases LDL-R activity, leading
to elevated circulating LDL-C, while impairing HDL syn-
thesis and remodeling, ultimately reducing reverse choles-
terol transport and HDL’s anti-atherogenic capacity [340].

Estrogen deficiency also affects body fat distribution and
insulin sensitivity, promoting a shift toward visceral adipos-
ity and metabolic syndrome [341]. Visceral fat accumula-
tion enhances lipolysis, increasing hepatic free fatty acid
flux and stimulating TG and VLDL synthesis. Concomitant
hyperinsulinemia inhibits LPL, impairing VLDL and chylo-
micron clearance and favoring the formation of small, dense
LDL particles—potent contributors to atherosclerosis [341].

At the cellular level, estrogen deficiency is associated
with mitochondrial dysfunction and increased reactive oxy-
gen species (ROS) generation [342]. ROS promote LDL
oxidation, endothelial injury, and hepatic lipid dysregula-
tion [343]. HDL particles from postmenopausal women dis-
play diminished antioxidant and anti-atherogenic properties
compared with those of premenopausal women [344].

Estrogen receptors (ERa, ER) regulate the transcription
of key metabolic genes, including SREBP-1c, PPARa, and
LXRa [345]. In hypogonadism, disrupted estrogen signal-
ing reduces pB-oxidation and enhances de novo lipogenesis,
predisposing to hepatic steatosis and atherogenic dyslip-
idemia. Furthermore, hypoestrogenism promotes chronic
low-grade inflammation characterized by elevated TNF-a
and IL-6 and reduced IL-10, which exacerbates endothelial
dysfunction and impairs lipoprotein metabolism [346].

Laboratory abnormalities

Lipid profile alterations in female hypogonadism reflect
the underlying pathophysiological mechanisms and vary
according to etiology [347]. Laboratory evaluation is cru-
cial for early detection of CV risk and for guiding targeted
interventions. Initial assessment should include TC, LDL-
C, HDL-C, TG, and Lp(a), integrated with global risk
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estimation using tools such as SCORE2 and SCORE1-OP,
according to ESC/EAS guidelines [39, 235, 348].

Isolated hypercholesterolemia is the most frequent pat-
tern, especially in menopause or POI, characterized by
elevated TC and LDL-C, with normal or slightly reduced
HDL-C and normal TG. This profile mainly reflects reduced
hepatic LDL-R activity and impaired LDL clearance (typi-
cal values: TC>240 mg/dL; LDL-C>160 mg/dL; HDL-C
normal or slightly reduced; TG <150 mg/dL).

Mixed (atherogenic) dyslipidemia occurs in hypogonad-
ism complicated by visceral obesity or insulin resistance,
showing increased LDL-C and TG with reduced HDL-
C. LDL particles are often smaller and denser, enhanc-
ing atherogenicity (typical values: LDL-C>160 mg/dL;
TG>150 mg/dL; HDL-C<50 mg/dL).

Isoated hypertriglyceridemia is less common but may be
associated with high-carbohydrate diets, physical inactiv-
ity, or reduced LPL activity, sometimes representing early
MASLD (typical values: TG>200 mg/dL; LDL-C normal
or slightly increased; HDL-C normal or reduced).

Isolated reduction in HDL-C may occur alone or with
other lipid abnormalities, mainly due to reduced ApoA-I
synthesis and qualitative HDL changes, impairing reverse
cholesterol transport (typical values: HDL-C<40-50 mg/
dL; LDL-C and TG normal).

Primary hypogonadism (e.g., Turner syndrome, POI)
generally presents with isolated hypercholesterolemia,
particularly in lean women. Studies show elevated TC and
LDL-C, with TG often increased compared with premeno-
pausal controls [349, 350]. Secondary hypogonadism (e.g.,
hypothalamic—pituitary disorders, anorexia nervosa) may
present with mixed dyslipidemia or isolated low HDL-C.
Physiological menopause typically involves progressive
LDL-C elevation with mild TG increase [351]. Women with

Table 9 Typical lipid profile in female hypogonadism

Parameter Change Mechanism

TC i Reduced LDL-R activity;
impaired clearance

LDL-C 1 Reduced receptor-mediated
clearance

HDL-C —or | Reduced ApoA-I synthesis;
qualitative HDL impairment

TG —or? Increased in mixed dyslipid-
emia and insulin resistance

LDL particle 1 sd-LDL (in mixed Increased atherogenicity

quality dyslipidemia)

ApoB no data available —

ApoA-I 1 Reduced synthesis
post-menopause

Lp(a) — Generally stable

TC, total cholesterol; LDL-C, low-density lipoprotein cholesterol;
HDL-C, high-density lipoprotein cholesterol; TG, triglycerides; sd-
LDL, small dense low-density lipoprotein; ApoB, apolipoprotein B;
ApoA-1, apolipoprotein A-I; Lp(a), lipoprotein(a).

PCOS show high prevalence of dyslipidemia, with 28—58%
displaying elevated TG or low HDL-C [351].

Regular monitoring every 6—12 months, combined with
comprehensive CV risk assessment, is recommended. Early
initiation of estrogen replacement therapy, particularly via
transdermal routes, can significantly improve lipid profiles
[352]. Understanding the predominant dyslipidemic pat-
terns in each subgroup allows personalized management
and timely CV risk reduction [352] Table 9.

Medical treatment

Hormone replacement therapy comprises a combination of
synthetic hormones that may be identical to those secreted
from the ovaries during the reproductive years (estradiol
and progesterone) [353]. Progestogen supplementation is
not needed in women with the absence of uterus who can
receive unopposed estrogen. Tibolone is another Hormone
replacement therapy option; it belongs to the group of nor-
methyltestosterone progestogen derivatives and it exhibits
estrogenic, progestogenic and androgenic effects. Hypoes-
trogenism in postmenopausal or POl women can lead to
vasomotor symptoms or genito-urinary symptoms (like
vaginal, dryness and lower urinary tract symptoms) as well
as longer term problems such as osteoporosis. The evidence
now strongly support that hormone replacement therapy
can improve hot flushes, genito-urinary symptoms and keep
bones healthy, reducing the chance of osteoporosis either in
postmenopausal women and in women with POI [353].

In POI women hormone replacement therapy may also
help to prevent heart disease, suggesting continuing the
treatment till the time at which they would naturally go
through the menopause, at around 50. In postmenopausal
women, discussion about whether, or how long, to continue
the treatment should be guided through some important con-
siderations on CV risk, due to the publication of the initial
Women’s Health Initiative trial results [354]. According to
the timing hypotesis, a window of opportunity for hormone
replacement therapy in postmenopausal women has now
been well-recognized. Women who initiate estrogen therapy
younger than 60 years and/or within 10 years of menopause
show a 30% reduction of all causes mortality, a 50% reduc-
tion in CV mortality and myocardial infarction[354]. By
using oral estrogens administration, a significant increase of
VTE was also observed, which was not observed by using
transdermal formulations [355].

Concerning metabolic effects, important data were
reported by a recent meta-analysis which includes 17 non-
duplicate RCTs with a total of 29,287 postmenopausal
women, consisting of 15,350 (mean age ranged from 47 to
75 years) who were randomized to hormone replacement
therapy including E alone (n=5,553) or E+P (n=9,797),
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and 13,937 randomized to placebo [356]. In healthy, non-
diabetic postmenopausal women hormone replacement
therapy significantly lowers insulin resistance, with E alone
demonstrating a greater reduction as compared to com-
bined E+ P therapy [356]. A previous meta-analysis showed
important metabolic improvement also hormone replace-
ment therapy vs placebo in women with diabetes [357].
In particular, hormone replacement therapy reduced fast-
ing glucose, HOMA-IR, mean blood pressure and LDL-C/
HDL-C ratio [357]. A recent systematic review and meta-
analysis was specifcally aimed at investigating the impact
of the administration of medroxyprogesterone acetate plus
conjugated equine oestrogens on the lipid profile in post-
menopausal women [358]. Hormone replacement therapy
significantly affects serum lipids’ concentrations by induc-
ing a notable increase of HDL-C and TG levels while
reducing LDL-C and TC values. These data indicate that
postmenopausal women might have beneficial effect from
hormone replacement therapy [358]. A systematic review
and meta-analysis reported that tibolone also decreased TC,
HDL-C and TG levels, whilst LDL-C concentrations were
significantly treatment duration<26 weeks [359].

Concerning breast cancer risk, consistent evidence shown
an increase in breast cancer risk among postmenopausal
women with estrogen-plus-progestin hormone replacement
therapy whilst estrogen-alone hormone replacement therapy
has little impact on breast cancer risk in naturally or sur-
gically menopausal women. Collective evidence also sug-
gests that estrogen hormone replacement therapy is likely to
offer health benefits to perimenopausal or postmenopausal
women, including breast cancer survivors, as well as young
BRCA1/2 carriers with prophylactic oophorectomy for
ovarian cancer prevention [360].

Neurokinin 3 receptor antagonists have been recently
developed as new non-hormonal treatment for counteract-
ing vasomotor symptoms in menopausal women. Fezoline-
tant is one of the first approved and entered in the market in
many countries, including the US, Europe, and Australia,
at a dose of 45 mg once daily. It showed a relevant effect
in reducing vasomotor symptoms due to menopause [361].
The most common adverse effects in the fezolinetant treated
women were reported to be covid-19 (13.3%), headache
(8.8%), and fatigue (5.8%) [362].

Nutritional intervention

Menopause is often accompanied by vasomotor, psycholog-
ical, metabolic, and urogenital symptoms that significantly
affect quality of life [363]. While hormone replacement
therapy remains the standard treatment, many women turn
to dietary modifications and food supplements as comple-
mentary or alternative strategies. Vasomotor symptoms
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(VMYS), including hot flushes and night sweats, are among
the most common manifestations of menopause. Evidence
suggests that adopting healthy dietary patterns, particularly
those rich in fruits, vegetables, wholegrains, legumes, and
unsaturated fats, may contribute to a reduction in VMS, par-
ticularly when coupled with weight loss [363]. Large trials,
such as the Women’s Health Initiative Dietary Modifica-
tion Trial, demonstrated that weight reduction was strongly
associated with the alleviation of symptoms [364], while
observational studies linked Mediterranean-type diets to
decreased prevalence of VMS [365, 366]. Furthermore,
RCTs suggest potential benefits of plant-based or vegan
diets incorporating soy, although the role of bodyweight
reduction as a confounder cannot be excluded [367, 368].
Isoflavones, plant-derived phytoestrogens abundant in soy,
have been extensively investigated due to their structural
similarity to estradiol [369]. Meta-analyses show mixed
results, with some reporting significant reductions in hot
flush frequency and severity, while others found no effect,
largely due to heterogeneity in dosage, population charac-
teristics, and duration [369, 370]. Equol, a metabolite of the
soy isoflavone daidzein produced by intestinal bacteria, has
been suggested to modulate individual responsiveness, with
studies indicating that equol producers may derive greater
benefit [371]. However, supplementation with equol yielded
inconsistent results, and more robust studies are warranted
[371]. Evidence for other phytoestrogens, such as lignans
from flaxseed, remains limited and inconclusive [372],
while red clover supplementation shows some promise but
is not consistently supported by high-quality trials [373].
Botanical agents, including black cohosh and St John’s
Wort, have been examined for their role in managing VMS
and psychological symptoms, yet findings remain inconclu-
sive and concerns regarding dosage, preparation variability,
and safety preclude routine clinical recommendations [373,
374].

Menopause is also associated with adverse changes in
bodyweight and composition, such as increased fat mass,
particularly visceral adiposity, and decreased lean mass
[375]. Dietary interventions focusing on energy restric-
tion, low-fat or fiber-rich diets, and calorie-controlled
Mediterranean dietary models have consistently demon-
strated beneficial effects on bodyweight and fat mass [375].
However, lean mass reductions are common, highlighting
the importance of dietary protein intake and possibly exer-
cise as adjuncts [376]. Evidence for specific macronutrient
manipulations, such as high-protein or low-carbohydrate
approaches, remains mixed, and long-term sustainability
is uncertain [377]. Supplementation with phytoestrogens
for weight management has yielded inconsistent findings,
with some reports of modest reductions in bodyweight
among non-Asian women, while others show no effect
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[378]. Similarly, supplementation with omega-3 fatty acids,
conjugated linoleic acid, calcium, vitamin D, or protein
has produced variable results, suggesting that calorie bal-
ance rather than single-nutrient strategies remains central in
bodyweight management during menopause [377].

Beyond VMS and weight changes, other symptoms such
as joint pain, skin alterations, sleep disturbances, and uro-
genital complaints may also be influenced by diet, although
evidence is limited. Some studies suggest that dietary inter-
ventions combining phytoestrogens, vitamins, or collagen
supplementation may improve skin elasticity, hydration, or
wrinkle depth, while others report modest benefits in joint
pain relief with omega-3 fatty acids or phytoestrogens [379].
Nonetheless, methodological limitations and heterogeneity
hinder definitive conclusions [377]. Urogenital symptoms,
grouped under the term genitourinary syndrome of meno-
pause, appear less responsive to dietary modifications; most
trials, including those investigating phytoestrogens or vita-
min D, have not demonstrated significant improvements,
with only small-scale studies reporting marginal effects of
botanical supplements such as fenugreek [380, 381]. Psy-
chological symptoms, particularly depression and anxiety,
are also prevalent during the menopausal transition. Obser-
vational studies support associations between healthier
dietary patterns and improved mood, while limited RCTs
indicate that diets such as DASH or Mediterranean-type
interventions may confer benefits [382].

Beyond dietary composition, recent findings highlight
the role of chrononutrition for menopause [383—385]. In a
cross-sectional study of 100 postmenopausal women with
overweight or obesity, found that lipid intake timing signifi-
cantly influenced symptom severity: lower morning intake
was linked to greater heart discomfort, whereas higher eve-
ning intake worsened CV-related symptoms. These associa-
tions persisted after adjusting for confounders, suggesting
that not only diet quality but also nutrient timing may mod-
ulate menopausal symptoms and cardiometabolic risk.
Favoring earlier intake of energy and lipids may therefore
represent a useful nutritional strategy to improve symptom
management and overall health in this population [384].

Polycistic ovary syndrome
Pathophysiological mechanisms

Dyslipidemia is certainly the most prevalent and persistent
among CV risk factors in women with PCOS [386]. Obesity,
particularly abdominal obesity, that is frequently associated
to PCOS, notely enters into the pathophysiology of dyslip-
idemia, probalbly through mechanisms not dissimilar from
the general population [387]. Among the pathophysiological

factors more specific to PCOS, hyperandrogenism plays a
trigger role [388]. Testosterone, in particular, acts increas-
ing catabolism of HDL, through upregulation of two genes,
scavenger receptor B1 and hepatic lipase [388]. In addi-
tion, testosterone decreases catabolic removal of LDL by
attenuating estrogen receptor-mediated induction of LDL-R
activity [388], and produces or aggravates insulin resistance
[388]. Accordingly, of those PCOS with insulin resistance,
81% demonstrated lipid abnormalities compared with 65%
of those with normal insulin sensitivity. Hepatic overpro-
duction of ApoB-containing VLDL seems to be the crucial
mechanism linking insulin resistance and hypertriglyceri-
demia [389]. Low HDL levels are also frequently associ-
ated with hypertriglyceridemia in insulin-resistant states.
Oxidative stress, that is higly associated to PCOS even in
normal-weight condition, has also been recognized in the
pathophysiology of dyslipidemia [390].

Laboratory abnormalities

Women with PCOS commonly present with a characteristic
atherogenic lipid profile, influenced by obesity, particularly
abdominal obesity, insulin resistance (IR), and hyper-
androgenism [386, 387]. LDL-C elevation is frequently
observed in both lean and obese patients, and even in cases
of normal LDL-C, women with PCOS are more likely to
display atherogenic sd-LDL particles, particularly when
circulating levels of sex hormone-binding globulin (SHBG)
are low, reflecting hyperandrogenism and IR [391]. Low
HDL-C is also commonly reported, especially in the pres-
ence of obesity and IR, whereas TG elevations are consis-
tent and often appear early in life. Hepatic overproduction
of ApoB-containing VLDL, driven by insulin resistance,
represents a key mechanism linking hypertriglyceridemia
to metabolic disturbances [389]. Hyperandrogenism con-
tributes by increasing HDL catabolism through upregula-
tion of scavenger receptor Bl and hepatic lipase, and by
attenuating LDL-R mediated LDL clearance [388]. Oxi-
dative stress, highly prevalent in PCOS even among nor-
mal-weight women, further aggravates lipid abnormalities
[390]. Moreover, elevated Lp(a) concentrations have been
observed in approximately one-quarter of PCOS women,
suggesting an additional pro-atherogenic factor [392]. Lipid
disturbances are aggravated by a positive family history of
menstrual abnormalities and type 2 diabetes [393]. Women
with PCOS and with obesity frequently exhibit the “athero-
genic type” of dyslipidemia, characterized by low HDL-C,
sd-LDL particles, and elevated TG [394]. Overall, the lipid
profile in PCOS is frequently mixed/atherogenic, with vari-
ability according to obesity, IR, hyperandrogenism, and
genetic/familial predisposition, highlighting the importance
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of early screening and longitudinal monitoring for CV risk
[388] Table 10.

Medical treatment

Insulin-sensitizing drugs (metformin and pioglitazone) in
women with PCOS did not demonstrate significant change
in lipid levels. The effect of metformin or pioglitazone as
monotherapy on lipids in women with PCOS remains mod-
est with mainly significant positive effect on the decrease in
TG [395].

The effects of combined oral contraceptive pills (OCPs)
in lipid metabolism in PCOS are not dissimilar from the
general population; they generally increase HDL-C levels,
with more evidente effects of forth generation vs. third gen-
eration OCPs, but they frequently increase LDL-C and TG.
Therefore, OCPs therapy cannot be considered for the treat-
ment of dyslipidemia in women with PCOS, at least with the
compounds available [396].

The studies with statins (simvastatin and atorvastatin) in
normal weight and obese women with PCOS showed that
the use of statins was safe and effective in lowering total
cholesterol, LDL-C and TG but without significant effect
on HDL-C [395, 397]. A hypothesis of the beneficial effect
of statins on lipid profile in PCOS is also through a reduc-
tion of hyperandrogenemia [389]. In vitro studies have, in
fact, shown an inhibition of ovarian steroidogenic enzymes
by statins. Moreover, statins reduce cholesterol availability
by reducing cholesterol synthesis, a necessary substrate for
steroid hormone synthesis [389]. Furthermore, statins pos-
sess both direct and indirect antioxidant activity, and oxyda-
tive stress contributes to hyperandrogenism in PCOS [398].

Table 10 Typical lipid profile in PCOS

Parameter Change Mechanism
TC i Impaired LDL clearance; hepatic
VLDL overproduction
LDL-C i sd-LDL more prevalent;
hyperandrogenism-related
HDL-C l Androgen-mediated HDL catabo-
lism; worsened by insulin resistance
TG i Increased VLDL synthesis due to
insulin resistance
LDL particle 1 sd-LDL Increased atherogenic particles
quality
ApoB no data —
available
ApoA-I no data —
available
Lp(a) 1 Elevated in a subset

TC, total cholesterol; LDL-C, low-density lipoprotein cholesterol;
HDL-C, high-density lipoprotein cholesterol; TG, triglycerides;
VLDL, very-low-density lipoprotein; sd-LDL, small dense low-
density lipoprotein; ApoB, apolipoprotein B; ApoA-I, apolipoprotein
A-I; Lp(a), lipoprotein(a).
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However, a recent Cochrane analysis of the clinical studies
with statins versus placebo or of statins plus metformin ver-
sus metformin in PCOS did not demostrate the superiority
of statins in reducing testosterone circulating levels [399].
This Cochrane analysis did not also found any ameliorat-
ing effect of statin use (alone or combined with oral con-
traceptives-OCPs or metformin) on serum fasting insulin
concentration or insulin resistance measured by HOMA-
IR [399]. However, the number of studies included in the
Cochrane analysis was extremely limited and, therefore, the
conclusions of very low certainty [399]. Therefore, further
well-designed RCTs are needed to support and increase the
current level of evidence and help to position the use of
statins in PCOS management. In particular, further research
is needed to establish clear recommendations for their use
in PCOS managemens, including which patients would
benefict most, when to start treatment, the optimal dura-
tion of therapy, the specific effectiveness of statins in PCOS
and the potential beneficts of combining statins with other
treatments. This is a priority, since dyslipidemia is the most
prevalent CV risk factor in women with PCOS,; that is a high
risk disease for CV events for the high prevalence of other
CV risk factors such as obesity, hypertension, and diabetes.

Nutritional intervention

Nutritional strategies are central to the management of
PCOS, not only for weight control but also for the ameliora-
tion of lipid abnormalities and the improvement of overall
metabolic and reproductive health [400]. Current interna-
tional guidelines emphasize lifestyle interventions, includ-
ing dietary modifications and structured physical activity, as
first-line therapy for all women with PCOS, irrespective of
weight status [400].

Among dietary patterns, the Mediterranean diet is one of
the most extensively studied and recommended for PCOS
management [401]. Its emphasis on fruits, vegetables, whole
grains, legumes, fish, extra virgin olive oil, and nuts pro-
vides a nutrient-dense profile rich in monounsaturated fatty
acids (MUFA), polyunsaturated fatty acids (PUFA), anti-
oxidants, and fiber, which together contribute to improved
insulin sensitivity, reduction of low-grade inflammation,
and favorable effects on lipid profiles [401]. Observational
and interventional studies suggest that adherence to the
Mediterranean diet is associated with improved metabolic
outcomes, decreased visceral adiposity, and better reproduc-
tive function in women with PCOS, while also lowering CV
risk [402—404].

Another strategy with growing evidence in PCOS is the
adoption of low-glycemic index (GI) and low-glycemic
load (GL) diets [405]. These diets, by attenuating postpran-
dial glucose and insulin excursions, directly target insulin
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resistance, a key driver of dyslipidemia in PCOS [406].
Clinical trials indicate that low-GI/GL dietary approaches
improve insulin sensitivity, reduce circulating TG, and
favorably modulate sex hormone-binding globulin (SHBG)
and androgen levels, leading to improved menstrual regular-
ity and ovulatory function [407].

Ketogenic diets have also been investigated in PCOS
[408, 409]. By markedly reducing carbohydrate intake and
promoting ketone body production, Ketogenic diets can
lead to significant weight loss, improved glycemic control,
and reductions in TG. Evidence suggests potential benefits
for hyperandrogenism and menstrual cyclicity. However,
concerns regarding the long-term safety, sustainability, and
potential impact on LDL-C remain, making these diets a
possible short-term therapeutic option under medical super-
vision, particularly in women with severe insulin resistance
or obesity [408, 409].

In addition, intermittent fasting (IF) and time-restricted
feeding (TRF) have emerged as novel strategies with
potential application in PCOS [410, 411]. By modulating
circadian rhythms, reducing insulin secretion, and pro-
moting metabolic flexibility, [F/TRF may improve insulin
sensitivity, weight control, and lipid parameters. Although
data in PCOS are still preliminary, early evidence suggests
improvements in metabolic markers and reproductive hor-
mones, warranting further investigation [410, 411].

The role of specific nutrients and supplementation is also
relevant. Vitamin D deficiency is common in PCOS and
correlates with insulin resistance and dyslipidemia [412].
Supplementation has been shown to improve insulin sen-
sitivity and lipid profiles in some studies, although results
are heterogeneous [413]. Omega-3 fatty acids, through their
anti-inflammatory and TG-lowering properties, represent
another adjunctive option, with evidence supporting their
capacity to improve lipid abnormalities and reduce andro-
gen levels in PCOS. Other widely used micronutrients
include inositol isomers (myo-inositol, D-chiro-inositol),
which modulate insulin signaling and have been shown to
improve ovulatory function and lipid metabolism [414], as
well as pro- and prebiotics, which may act through modula-
tion of gut microbiota and systemic inflammation [415].

A unifying concept across dietary interventions in PCOS
is the focus on anti-inflammatory, nutrient-dense, and sus-
tainable dietary patterns rather than restrictive caloric
approaches alone [416]. The heterogeneity of PCOS phe-
notypes requires tailored nutritional strategies: for women
with PCOS and overweight or obesity, energy restriction
may be necessary to induce weight loss and improve meta-
bolic health; whereas in women with normal weight, dietary
quality, macronutrient distribution, and micronutrient ade-
quacy remain crucial to target dyslipidemia and reproduc-
tive dysfunction. Importantly, psychological well-being and

long-term adherence should be prioritized to avoid the detri-
mental cycle of restrictive dieting and weight regain, which
can exacerbate metabolic complications [416].

In conclusion, nutrition plays a pivotal role in the man-
agement of PCOS-related dyslipidemia, Evidence supports
the Mediterranean diet, low-GI/GL diets, ketogenic and
low-carbohydrate approaches, intermittent fasting, and tar-
geted supplementation as potential strategies, with benefits
extending beyond lipid metabolism to insulin sensitivity,
hormonal balance, and reproductive outcomes. Given the
variability of PCOS phenotypes and individual responses
to dietary interventions, a personalized, patient-centered
approach is warranted, ideally within a multidisciplinary
framework involving endocrinologists, nutritionists, and
allied healthcare professionals. Future research should fur-
ther clarify the comparative and long-term efficacy of differ-
ent dietary strategies, with a focus on CV outcomes and the
prevention of type 2 diabetes in this high-risk population.

Conclusions

Endocrine-related dyslipidemias represent a clinically sig-
nificant yet frequently underestimated contributor to overall
CV risk. Hormonal disturbances affecting the hypothalamic—
pituitary, thyroid, adrenal, gonadal, and GH/IGF-1 axes lead
to distinct, disease-specific lipid profiles through complex
mechanisms involving lipoprotein synthesis, transport, and
clearance. These alterations substantially promote athero-
sclerosis and cardiometabolic complications, often beyond
the impact of traditional CV risk factors.

Despite their high prevalence and well-documented
clinical relevance, dyslipidemias secondary to endocrine
disorders are commonly underdiagnosed and suboptimally
managed in routine practice. Early recognition of charac-
teristic lipid patterns, as summarized in Fig. 1, and their
appropriate interpretation within the endocrine context
are essential for accurate CV risk stratification. Moreover,
effective treatment of the underlying endocrine disease,
combined with targeted lipid-lowering interventions when
indicated, may result in meaningful improvements in car-
diometabolic outcomes.

This Position Statement highlights the need for an inte-
grated, multidisciplinary approach involving endocrinolo-
gists, cardiologists, and primary care physicians to optimize
the management of secondary dyslipidemias. Increased
awareness of the underlying pathophysiological mecha-
nisms and their clinical implications is crucial to translate
current evidence into more effective preventive and thera-
peutic strategies, ultimately reducing the CV burden in
patients with endocrine diseases.
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Fig. 1 Lipid profile alterations across endocrine disorders. TC, total
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