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Abstract 

Background:  MTOR inhibition is an effective treatment for many manifestations of tuberous sclerosis complex. 
Because mTOR inhibition is a disease modifying therapy, lifelong use will most likely be necessary. This study 
addresses the long-term effects of mTOR inhibitors on lipid and glucose metabolism and aims to provide better 
insight in the incidence and time course of these metabolic adverse effects in treated TSC patients.

Methods:  All patients who gave informed consent for the nationwide TSC Registry and were ever treated with mTOR 
inhibitors (sirolimus and/or everolimus) were included. Lipid profiles, HbA1c and medication were analysed in all 
patients before and during mTOR inhibitor treatment.

Results:  We included 141 patients, the median age was 36 years, median use of mTOR inhibitors 5.1 years (aimed 
serum levels 3.0–5.0 µg/l). Total cholesterol, LDL- and HDL-cholesterol levels at baseline were similar to healthy 
reference data. After start of mTOR inhibition therapy, total cholesterol, LDL-cholesterol and triglycerides increased 
significantly and were higher compared to healthy reference population. Mean total cholesterol levels increased by 
1.0 mmol/L after 3–6 months of mTOR inhibition therapy but did not increase further during follow-up. In this study, 
2.5% (3/118) of patients developed diabetes (defined as an HbA1c ≥ 48 mmol/mol) during a median follow-up of 
5 years.

Conclusions:  Hypercholesterolemia is a frequent side effect of mTOR inhibition in TSC patients, and predominantly 
occurs within the first year of treatment. Although hyperglycemia is a frequent side effect in other indications for 
mTOR inhibition, incidence of diabetes mellitus in TSC patients was only 2.5%. This may reflect the difference of mTOR 
inhibition in patients with normal mTOR complex pathway function versus patients with overactive mTOR complex 
signaling due to a genetic defect (TSC patients).
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Background
Tuberous Sclerosis Complex (TSC) is a rare autosomal 
dominant genetic disorder, with reported prevalence 
rates from 0.7 to 10 per 100.000 [1]. The disease is caused 
by a mutation in either the TSC1 (hamartin) or TSC2 
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(tuberin) gene on chromosome 9 and 16, respectively. 
The mutations cause a dysregulation of the mechanistic 
Target of Rapamycin (mTOR) pathway that is involved in 
regulating cellular growth. Dysregulation of this pathway, 
has many different manifestations, including the develop-
ment of tumours, such as renal angiomyolipomas (rAML) 
and subependymal giant-cell astrocytomas (SEGA).

MTOR inhibitors (mTORi) are very effective in treating 
rAML (> 30% size reduction after 4–5 years in more than 
80% of patients), SEGA (response rate 100%) and epilepsy 
(response rate 40%) [2–6].

MTOR is part of a complex signaling network, play-
ing a key role in several cellular processes regulating 
cell growth and metabolism. The TSC1/2 heterodimer 
normally has an inhibitory effect on mTOR complex 1 
(mTORC1). Due to the malfunctioning of this dimer (due 
to a mutation), mTORC1 is hyperactive, resulting in cel-
lular overgrowth. Inhibition of the hyperactive mTOR 
pathway is expected to normalize these cellular processes 
and therefore explain efficacy of mTORi therapy in TSC 
patients [7].

Before implementation in TSC patients, mTOR inhibi-
tors were already in use as immunosuppressants after 
transplantation and antineoplastic treatment in various 
cancers. From these indications, mTOR inhibitors are 
known to induce dyslipidemia in 25–76% and hypergly-
cemia in 13–50% of patients [8–10].

In the EXIST trials (follow-up up to 5 years), the phase 
III trials that led to approval of mTOR inhibition in TSC 
patients, dyslipidemia was reported in 5–30%, but no 
new cases of diabetes were reported [3, 4, 6]. In a small 
prospective study among mainly children with TSC using 
mTOR inhibition, dyslipidemia and hyperglycemia were 
reported in 72% and 22% of children, respectively, but 
the highest fasting glucose did not reach diabetic levels 
(108 mg/dl (6 mmol/l)) [11].

MTOR inhibition is the first available therapy targeting 
the underlying pathophysiology of TSC. MTOR inhibi-
tion is thought to be a disease modifier, as interrupting 
treatment after less than a year resulted in regrowth of 
the tumours [12]. Since lifelong use is the standard of 
care at the moment, it is important to further inves-
tigate the occurrence of side effects in the long term. 
Expanding knowledge about the baseline lipid profiles 
of TSC patients and the effect of mTOR inhibitors on 
lipid and glucose levels will benefit appropriate follow-
up and treatment in order to improve long-term health 
outcomes.

Patients and methods
Study design and patient selection
The Dutch TSC registry, which started in 2019, enrolled 
all patients from University Medical Center Utrecht 

(UMCU) with a definite diagnosis of TSC according to 
consensus criteria [13, 14]. All patients in the TSC reg-
istry gave informed consent (n = 316). The Dutch TSC 
registry is a registry of data from electronical medical 
records. Data has been collected through conventional 
follow-up according to good clinical practice and interna-
tional guidelines. Baseline characteristics, laboratory out-
comes and medication data have been collected from the 
TSC Registry. Additional data was added from electroni-
cal medical records by the investigators. Laboratory out-
comes were not routinely acquired in fasting conditions.

All patients in the TSC registry with an mTORi pre-
scription before the 1st of October, 2019 (n = 141), were 
included in this study. In case patients used mTOR inhi-
bition for multiple periods (with an interruption of treat-
ment of more than 3  months), only the first period of 
treatment has been included in this analysis. We included 
available data until 1st of February 2020.

MTORi dosages usually started at 5 or 10  mg daily 
(for everolimus), but follow-up dosages were variable 
since dosages were titrated to blood serum levels. For the 
majority of patients, serum levels were titrated between 
3.0 and 5.0  µg/l. In only one patient, serum levels were 
titrated to a sustained higher level (10.0–15.0 µg/l, indi-
cation refractory epilepsy).

Definitions
The effect of mTOR inhibitors on lipid metabolism was 
investigated by reviewing total cholesterol serum levels 
and use of lipid lowering medication (ATC code C10). 
Hypercholesterolemia was defined as a total choles-
terol above 6.5 mmol/L, the upper limit of normal range 
(ULN) according to UMCU laboratory standards and 
corresponding to grade 1 adverse event. Hypercholes-
terolemia was graded by severity, according to Common 
terminology criteria for adverse events (CTCAE) [15].

The effect of mTOR inhibitors on glucose metabo-
lism was investigated by reviewing Hemoglobin A1c 
(HbA1c) laboratory outcomes and prescription of 
blood glucose lowering agents (ATC code A10) in the 
study population without pre-existent diabetes. In this 
study population, (fasting) plasma glucose levels were 
not widely available and oral glucose tolerance testing 
(OGTT) was not performed. HbA1c levels were avail-
able in the majority of patients (n = 118), therefore, we 
defined an HbA1c ≥ 48  mmol/mol (≥ 6.5%) or use of 
glucose lowering medication as a diagnosis of diabetes 
mellitus[16]. This is in accordance with the criteria from 
the American Diabetes Association guidelines. (Patients 
can be diagnosed with diabetes mellitus, by either an 
HbA1c ≥ 48  mmol/mol (≥ 6.5%), fasting plasma glu-
cose > 7.0 mmol/L or through OGTT [16].)
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Data analysis
For analysis of mean total cholesterol during follow-up, 
five time windows were defined: 3 years before until start 
of mTORi (baseline), 3–6  months after start, 1, 2 and 
5  years (with a range of 0.5  year) after start of mTORi. 
If a time window included multiple values from one 
patient, the value closest to time point of interest (start, 
6 months, 1, 2 and 5 years) was selected. Total cholesterol 
values in each time window were compared with baseline 
values, using paired samples t-test.

For analysis of baseline lipid profiles, all patients with-
out use of lipid lowering medication and with full lipid 
profiles available before start of mTORi (up to 3  years 
before start) were selected (n = 51). The lipid profiles 
were compared to reference data from a Dutch healthy 
population, adjusted for age and sex [17, 18]. Non–high-
density lipoprotein cholesterol (non–HDL-c) refer-
ence data were not available and therefore could not be 
included in this analysis. To compare baseline data to 
reference data (50th percentile), one sample Wilcoxon 
signed-rank test was used. To compare with lipid profiles 
during treatment, the same patients were selected for the 
control group if full lipid profiles were available at base-
line and during mTORi treatment (at any time between 
3  months to 3  years after start of mTORi, n = 33). To 
compare data (absolute serum levels and percentiles) 
during treatment with baseline, related-samples Wil-
coxon signed-rank test was used. In all analyses, meas-
urements after start of lipid lowering medication were 
excluded. Data were analyzed using SPSS version 25.0.0.2 
(IBM Corp., Armonk, NY).

Results
Patient characteristics
We included 141 patients with TSC who used mTOR 
inhibitors. The majority (124/141 patients) started their 
treatment with everolimus. 17/141 started with siroli-
mus, of which 15 switched to everolimus and 2 discon-
tinued treatment. Median follow-up time was 5.1 years. 
A total of 120/141 (85%) patients still used everolimus on 
cut-off date. The median age at start of mTOR inhibition 
was 35  years (Table  1). Only one patient discontinued 
treatment because of metabolic side effects.

Lipids
Mean total cholesterol levels increased from 
5.0  mmol/L at baseline to 6.0  mmol/L at 3–6  months 
and 5.8 mmol/L at 1 year after start of mTORi (p < 0.01; 
Fig. 1). After 5 years of mTORi therapy, the mean total 
cholesterol remained stable. Before start of mTORi, 11% 
of the population had a total cholesterol > 6.5  mmol/L 
(upper limit of normal), which increased to 20–25% 

of the study cohort during treatment. CTCAE grade 3 
total cholesterol levels were rare, and occurred only in 
1 patient, none of the patients reached grade 4.

The proportion of patients using lipid lowering medi-
cation increased during mTORi use, progressing from 
5% before, to 15.6% after 5-year follow-up. None of the 
patients stopped lipid lowering therapy at any point 
during mTORi treatment.

Median total cholesterol, low density lipoprotein 
cholesterol (LDL-c), non-high density lipoprotein cho-
lesterol (non-HDL-c) and triglycerides increased sig-
nificantly after starting mTORi (p < 0.01; Fig.  2), while 
high density lipoprotein cholesterol (HDL-c) did not 
(p = 0.147).

Baseline lipid profiles in TSC patients were similar to 
healthy reference population (reference is age-matched 
50th percentile) for total cholesterol (median percentile 
55, p = 0.583); LDL-c (median percentile 42, p = 0.060) 
and HDL-c levels (median percentile 45.5, p = 0.117). 
An exception were the triglyceride levels, which were 
higher at baseline (median percentile 72.5, p < 0.01). 
After starting mTORi treatment, total cholesterol lev-
els increased significantly (median percentile 55–83.5, 
p < 0.01), as well as LDL-c levels (median percentile 
42–71, p < 0.01) and triglyceride levels (median percen-
tile 72.5–90.5, p = 0.023). In contrast to HDL-c before 
and after starting mTORi therapy, which did not change 
(median percentile 45.5–44, p = 0.210) (Fig. 3).

Table 1  Patient baseline characteristics (n = 141)

a 15 patients used sirolimus before switching to everolimus. mTORi, mechanistic 
target of rapamycin inhibitor; VUS, variant of unknown significance; rAML, renal 
angiomyolipoma; LAM, lymphangioleiomyomatosis; SEGA, subependymal giant-
cell astrocytoma

Characteristics Median [range] or n (%)

Age at start mTORi (years) 35.8 [17–76]

Male sex 69 (48.9)

Mutation type

 TSC1 17 (12.1)

 TSC2 63 (44.7)

 VUS 1 (0.7)

 No mutation identified 10 (7.1)

 Unknown 50 (35.5)

rAML 127 (90.1)

SEGA 46 (32.6)

Epilepsy 120 (85)

LAM 37 (26.2)

Duration use mTORi (years) 5.1 [0.1–13.8]

mTORi typea

 Sirolimus 17

 Everolimus 139
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HbA1c
At baseline, 5/141 patients had pre-existent diabetes 
mellitus (3 patients with type 1 diabetes and 2 patients 
with type 2 diabetes). These patients were excluded for 
the analysis of incidence of diabetes during mTORi. 
After a median follow-up of 5.2 years [range 0.3–13.1], 
2.5% of the patients developed diabetes during mTORi 
treatment, after 1.1, 1.2 and 8.9  years (HbA1c levels 
were 48, 49 and 56 mmol/mol). In addition, one patient 
developed HbA1c levels in the pre-diabetic range 
(HbA1c 42–48 mmol/mol). Reviewing medication lists 
of all 136 non-diabetic patients for newly prescribed 
glucose-lowering medication did not reveal any other 
new onset diabetes.

Discussion
In the present study, we show that the use of mTOR 
inhibition in patients with TSC is associated with a sig-
nificant and stable increase in the prevalence of hyper-
lipidemia. At the same time, the incidence of new cases 
of diabetes mellitus was 2.5%.

To compare our data to previous research, it is only pos-
sible to compare incidence of hypercholesterolemia (total 
cholesterol above upper limit of normal, > 6.5  mmol/L). 
The incidence of hypercholesterolemia in our study 
(20–25%), is consistent with data from the EXIST trials 
(5–30% after four years [3, 4]). The incidence is lower 
than the 72% reported by Trelinska et  al. [11], although 
their small sample size limits comparability.

Our study clearly shows that dyslipidemia predomi-
nantly occurred in the first 3–6  months of treatment. 
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Fig. 1  Mean and categorized total cholesterol before and during mTOR inhibition therapy. Error bar represents standard error of the mean. Total 
cholesterol values are clustered in categories according to CTCAE grading for adverse events. N represents number of patients from baseline 
population (n = 95) with available total cholesterol data in that time window. *p < 0.01



Page 5 of 8Mulder et al. Orphanet Journal of Rare Diseases          (2022) 17:252 	

Furthermore, our data show that the increase in choles-
terol is permanent during median follow-up of 5  years. 
Whether lifestyle interventions, or dosage alterations 
impacted the data is unsure. Moreover, it must be noted 
that during follow-up, some patients dropped out of the 
analysis because of start of lipid lowering medication. 
Therefore, our research might even underestimate the 
actual effect of mTOR inhibition on cholesterol levels.

Our study is the first to compare baseline lipid pro-
files of TSC patients to healthy reference data, showing 
no significant differences, apart from triglycerides. This 
could be explained by the fact that lab testing was not 
routinely performed in fasting conditions, but an actual 
underlying difference in triglyceride metabolism in TSC 
patients is possible.

Analysing data as percentiles compared to healthy ref-
erence, benefits comparability while taking into account 
the effect of time (increasing age during follow-up). 
However, extreme lipid levels could be concealed in this 
method (a total cholesterol of 10 as well as 18  mmol/l 

would result in the 100th percentile), but as shown in 
Fig. 1, extreme levels are rare in our population.

Our data shows that baseline lipid profiles do not dif-
fer significantly from healthy references. However, during 
treatment, total cholesterol, LDL-cholesterol and non-
HDL cholesterol are significantly higher compared to ref-
erence data.

At first glance, the increase of cholesterol levels after 
mTORi initiation seems at odds with the well-known 
stimulatory role of mTOR on cholesterol synthesis via 
regulation of the transcription factor SREBP [19–21]. 
However, the combination of an increase in both total 
cholesterol, non-HDL-cholesterol, LDL-cholesterol and 
triglycerides points to an increase in apoB containing 
particles. This would be consistent with the described 
role of mTOR in inhibiting translation of apoB [22], 
although other mechanisms may be at play as well [23]. 
In the presence of insulin resistance this may be due to 
an increase in very low-density lipoprotein cholesterol 
(VLDL) and remnant production and reduced clearance. 

Fig. 2  Boxplot of absolute serum levels of lipid profiles before and during mTOR inhibition therapy. Before start mTORi (3–0 years) N = 51, after start 
mTORi (3 months to 3 years) N = 33. *p < 0.01
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Further studies are necessary to investigate the precise 
changes in apolipoproteins and the atherogenicity of this 
profile.

Non-HDL-c has shown to be the most strongly associ-
ated with cardiovascular risk, with a trend in increased 
risk of 1.16 for an increase of 0.9  mmol/L [24]. In our 
population the median non-HDL-c increased from 3.5 
to 3.9 mmol/L. Our results suggest that the effect is not 
temporary. Furthermore, mTORi therapy is expected to 
be used in younger age and treatment is usually long—
term. Because lifelong mTORi therapy is frequently 
indicated, start of lipid lowering medication should be 
considered in the first year of treatment if hypercholes-
terolemia occurs. At the same time, if cholesterol is not 
elevated after 1  year of treatment, our data supports 
to stop regular cholesterol testing and only do so by 
indication.

In addition, our study shows that diabetes mellitus is 
not a common adverse event (incidence of diabetes de 

novo 2.5% in our cohort, with median follow-up time of 
more than five years). This percentage is much lower than 
one would expect based on 13–50% incidence of hyper-
glycemia in trials with mTORi as anti-cancer treatment 
in non-TSC patients [25].

However, the comparison to other studies is clearly 
limited due to differences in methods. All other studies 
that report hyperglycemia as an adverse event, did so 
by reviewing fasting glucose levels according to CTCAE 
guidelines [15]. These laboratory results were not avail-
able in our retrospective cohort, so no comparison can 
be made. However, the fact that elevated HbA1c levels 
(> 48 mmol/mol) did occur very infrequently in our pop-
ulation, does correspond with the absence of reported 
hyperglycemia in the EXIST-trials, and the modestly 
(non-diabetic) elevated glucose levels reported by Trelin-
ska et al. [11].

Although not comparable to previous data, HbA1c lev-
els in our study do provide relevant insight for clinical 

median of 
reference

* * * 

Fig. 3  Boxplot of lipid profile before and during mTOR inhibition therapy, compared to healthy reference data. Before start mTORi (3–0 years) 
N = 51, after start mTORi (3 months to 3 years) N = 33. Data was expressed as percentiles compared to healthy (non TSC) reference population, 
adjusted for sex and age. The median of the healthy reference population equals the 50th percentile (thick line) *p < 0.05. Outliers not shown
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implications, as chronic hyperglycemia is clinically more 
relevant than a temporarily mild to moderate raised fast-
ing blood glucose.

Interestingly, as hypothesised by Laplante & Sabatini 
and others [25, 26], hyperactivation as well as hypoacti-
vation of mTOR is thought to be the cause for hypergly-
cemia. This hypothesis might explain why hyperglycemia 
does not occur in TSC patients, because the pathophysi-
ological hyperactivation of mTORi in these patients is 
modulated by mTOR inhibition. This pathophysiological 
mechanism of mTORi treatment differs from the (theo-
retical) mechanisms in non-TSC patients. Another expla-
nation could be the variance in dosages per indication. 
For example, the dosage of mTORi was10mg daily for the 
indication of renal cell carcinoma [9], whereas starting 
dosages for TSC patients in our study was usually 5 mg 
daily, subsequently titrated based on serum levels. A third 
hypothesis could be that in other indications (malignan-
cies), mTOR inhibitors are combined with other antineo-
plastic agents that can increase the incidence of diabetes 
(for instance steroids). As far as data is available on these 
combination therapies, everolimus compared to placebo 
is independently associated with a higher incidence of 
hyperglycemia [25].

Strong aspects of our study are the large sample size 
and long-term follow-up. Since it is a retrospective study, 
some limitations are evident, such as missing a control 
group and missing values in laboratory results due to 
retrospective design. Furthermore, our data were not 
sufficient to perform analysis on the incidence of cardio-
vascular events in this population.

Conclusions
In summary, hypercholesterolemia is a frequent adverse 
effect of mTOR inhibition in TSC patients, which occurs 
mainly in the first year of treatment. Therefore, as already 
stated in guidelines [27], evaluation of lipid profile in the 
first year of treatment is advised. Based on our study, 
regular follow-up of cholesterol after the first year of 
treatment, is unnecessary. As the incidence of diabe-
tes mellitus in TSC patients on mTOR inhibition is only 
2.5% in 5 years, we think this should open the debate if 
regular screening is warranted in this population. Further 
research should be performed to gain a better under-
standing of the pathophysiology of these adverse effects 
and associated risks in case of long-term use.

Acknowledgements
The authors gratefully acknowledge the members of Dutch TSC Registry 
-Study group. F.E. Jansen, M.C.Y. de Wit, M.R. Lilien, G.C.B. de Heus, L.W. ten 
Hopen, Department of Neurology and Pediatric Nephrology, University 
Medical Center Utrecht and Utrecht University and department of Neurology, 
Erasmus Medical Center. The authors thank M.E Vianen, J.C. Patist and C.D. 
Maassen for their assistance in collecting patient data.

Author contributions
WR and EP designed the study and enrolled patients for the Dutch TSC regis‑
try. JW proposed the analysis to compare TSC patient lipid profile to healthy 
reference data. FM processed the patient data, performed the analyses and 
designed the figures. FM, EP, JW, FZ and WR interpreted the results and added 
critical insights to the discussion section. FM drafted the manuscript. EP, JW, 
FZ and WR revised the manuscript. All authors read and approved the final 
manuscript.

Funding
The authors received no financial support for the research, authorship, and/
or publication of this article. The Dutch TSC Registry received financial support 
from ‘Stichting TSC Fonds’.

Availability of data and materials
The data that support the findings of this study are available from the Dutch 
TSC registry, but restrictions apply to the availability of these data, which were 
used under license for the current study, and so are not publicly available. 
Data are however available from the authors upon reasonable request and 
with permission of the Dutch TSC registry.

Declarations

Ethics approval and consent to participate
All patients gave informed consent for the Dutch TSC registry.

Consent for publication
Not applicable.

Competing interests
The authors declare that they have no competing interests.

Author details
1 Department of Internal Medicine, University Medical Center Utrecht, Utrecht, 
The Netherlands. 2 dLAB and Center for Molecular Medicine, University Medical 
Center Utrecht, Utrecht, The Netherlands. 

Received: 16 February 2022   Accepted: 6 June 2022

References
	1.	 Hong CH, Darling TN, Lee CH. Prevalence of tuberous sclerosis complex 

in Taiwan: A National Population-Based Study. Neuroepidemiology. 
2009;33(4):335–41.

	2.	 Krueger DA, Care MM, Holland K, Agricola K, Tudor C, Mangeshkar P, 
et al. Everolimus for subependymal giant-cell astrocytomas in tuberous 
sclerosis. N Engl J Med. 2010;363(19):1801–11.

	3.	 Bissler JJ, Kingswood JC, Radzikowska E, Zonnenberg BA, Belousova 
E, Frost MD, et al. Everolimus long-term use in patients with tuberous 
sclerosis complex: four-year update of the EXIST-2 study. PLoS ONE. 
2017;12(8): e0180939.

	4.	 Franz DN, Belousova E, Sparagana S, Bebin EM, Frost MD, Kuperman R, 
et al. Long-term use of everolimus in patients with tuberous sclerosis 
complex: final results from the EXIST-1 study. PLoS ONE. 2016;11(6): 
e0158476.

	5.	 Franz DN, Agricola K, Mays M, Tudor C, Care MM, Holland-Bouley K, et al. 
Everolimus for subependymal giant cell astrocytoma: 5-year final analysis. 
Ann Neurol. 2015;78(6):929–38.

	6.	 French JA, Lawson JA, Yapici Z, Ikeda H, Polster T, Nabbout R, et al. Adjunc‑
tive everolimus therapy for treatment-resistant focal-onset seizures asso‑
ciated with tuberous sclerosis (EXIST-3): a phase 3, randomised, double-
blind, placebo-controlled study. Lancet. 2016;388(10056):2153–63.

	7.	 Sarbassov DD, Ali SM, Sabatini DM. Growing roles for the mTOR pathway. 
Curr Opin Cell Biol. 2005;17(6):596–603.

	8.	 Vergès B, Walter T, Cariou B. Ndocrine side effects of anti-cancer drugs: 
Effects of anti-cancer targeted therapies on lipid and glucose metabo‑
lism. Eur J Endocrinol. 2014;170(2):R43-55.



Page 8 of 8Mulder et al. Orphanet Journal of Rare Diseases          (2022) 17:252 

•
 
fast, convenient online submission

 •
  

thorough peer review by experienced researchers in your field

• 
 
rapid publication on acceptance

• 
 
support for research data, including large and complex data types

•
  

gold Open Access which fosters wider collaboration and increased citations 

 
maximum visibility for your research: over 100M website views per year •

  At BMC, research is always in progress.

Learn more biomedcentral.com/submissions

Ready to submit your researchReady to submit your research  ?  Choose BMC and benefit from: ?  Choose BMC and benefit from: 

	9.	 Motzer RJ, Escudier B, Oudard S, Hutson TE, Porta C, Bracarda S, 
et al. Efficacy of everolimus in advanced renal cell carcinoma: a 
double-blind, randomised, placebo-controlled phase III trial. Lancet. 
2008;372(9637):449–56.

	10.	 Kasiske BL, De Mattos A, Flechner SM, Gallon L, Meier-Kriesche HU, Weir 
MR, et al. Mammalian target of rapamycin inhibitor dyslipidemia in 
kidney transplant recipients. Am J Transplant. 2008;8(7):1384–92.

	11.	 Trelinska J, Dachowska I, Kotulska K, Fendler W, Jozwiak S, Mlynarski W. 
Complications of mammalian target of rapamycin inhibitor anticancer 
treatment among patients with tuberous sclerosis complex are common 
and occasionally life-threatening. Anticancer Drugs. 2015;26(4):437–42.

	12.	 Franz DN, Krueger DA. mTOR inhibitor therapy as a disease modifying 
therapy for tuberous sclerosis complex. Am J Med Genet C Semin Med 
Genet. 2018;178(3):365–73.

	13.	 Northrup H, Krueger DA, Roberds S, Smith K, Sampson J, Korf B, et al. 
Tuberous sclerosis complex diagnostic criteria update: Recommenda‑
tions of the 2012 international tuberous sclerosis complex consensus 
conference. Pediatr Neurol. 2013;49(4):243–54.

	14.	 Roach ES, Gomez MR, Northrup H. Tuberous sclerosis complex con‑
sensus conference: revised clinical diagnostic criteria. J Child Neurol. 
1998;13(12):624–8.

	15.	 NCI, NIH, DHHS. Common Terminology Criteria for Adverse Events v4.0. 
NIH Publ [Internet]. 2009;0–71. Available from: http://​ctep.​cancer.​gov/​
proto​colDe​velop​ment/​elect​ronic_​appli​catio​ns/​docs/​ctcae​v3.​pdf

	16.	 American Diabetes Association. 2. Classification and diagnosis of 
diabetes: Standards of medical care in diabetes-2019. Diabetes Care. 
2019;42(Supplement 1):S13–28.

	17.	 Balder JW, Lansberg PJ, Hof MH, Wiegman A, Hutten BA, Kuivenhoven 
JA. Pediatric lipid reference values in the general population: the Dutch 
lifelines cohort study. J Clin Lipidol. 2018;12(5):1208–16.

	18.	 Balder JW, de Vries JK, Nolte IM, Lansberg PJ, Kuivenhoven JA, Kamphu‑
isen PW. Lipid and lipoprotein reference values from 133,450 Dutch 
Lifelines participants: age- and gender-specific baseline lipid values and 
percentiles. J Clin Lipidol. 2017;11(4):1055-1064.e6.

	19.	 Demoulin JB, Ericsson J, Kallin A, Rorsman C, Rönnstrand L, Heldin CH. 
Platelet-derived growth factor stimulates membrane lipid synthesis 
through activation of phosphatidylinositol 3-kinase and sterol regulatory 
element-binding proteins. J Biol Chem. 2004;279:35392.

	20.	 Porstmann T, Santos CR, Griffiths B, Cully M, Wu M, Leevers S, et al. SREBP 
activity is regulated by mTORC1 and contributes to Akt-dependent cell 
growth. Cell Metab. 2008;8:224.

	21.	 Schüle M, Butto T, Dewi S, Schlichtholz L, Strand S, Gerber S, et al. Mtor 
driven gene transcription is required for cholesterol production in neu‑
rons of the developing cerebral cortex. Int J Mol Sci. 2021;63:8167.

	22.	 Sidiropoulos KG, Meshkani R, Avramoglu-Kohen R, Adeli K. Insulin 
inhibition of apolipoprotein B mRNA translation is mediated via the PI-3 
kinase/mTOR signaling cascade but does not involve internal ribosomal 
entry site (IRES) initiation. Arch Biochem Biophys. 2007;465:380.

	23.	 Haas ME, Attie AD, Biddinger SB. The regulation of ApoB metabolism by 
insulin. Trends Endocrinol Metab. 2013;24:391.

	24.	 Boekholdt SM, Arsenault BJ, Mora S, Pedersen TR, LaRosa JC, Nestel PJ, 
et al. Association of LDL cholesterol, non-HDL cholesterol, and apolipo‑
protein B levels with risk of cardiovascular events among patients treated 
with statins: A meta-analysis. JAMA - J Am Med Assoc. 2012.

	25.	 Vergès B, Cariou B. MTOR inhibitors and diabetes. Diabetes Res Clin Pract. 
2015;110(2):101–8.

	26.	 Laplante M, Sabatini DM. mTOR signaling in growth control and disease. 
Cell. 2012;149:274–93.

	27.	 Sadowski K, Kotulska K, Jóźwiak S. Management of side effects of 
mTOR inhibitors in tuberous sclerosis patients. Pharmacol Reports. 
2016;68(3):536–42.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in pub‑
lished maps and institutional affiliations.

http://ctep.cancer.gov/protocolDevelopment/electronic_applications/docs/ctcaev3.pdf
http://ctep.cancer.gov/protocolDevelopment/electronic_applications/docs/ctcaev3.pdf

	The long-term effect of mTOR inhibition on lipid and glucose metabolism in tuberous sclerosis complex: data from the Dutch TSC registry
	Abstract 
	Background: 
	Methods: 
	Results: 
	Conclusions: 

	Background
	Patients and methods
	Study design and patient selection
	Definitions
	Data analysis

	Results
	Patient characteristics
	Lipids
	HbA1c

	Discussion
	Conclusions
	Acknowledgements
	References


