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Mesencephalic Astrocyte-Derived 
Neurotrophic Factor Is Upregulated 
with Therapeutic Fasting in Humans 
and Diet Fat Withdrawal in Obese 
Mice
Emilia Galli�w, Jari Rossi�x, Thomas Neumann�y�á�z, Jaan-Olle Andressoo  �w�á�{�á�|, Stefan Drinda�}�á�~ & 
Päivi Lindholm�w

���‹�‡�–�ƒ�”�›���”�‡�•�–�”�‹�…�–�‹�‘�•���‹�•�†�—�…�‡�•���„�‡�•�‡�¤�…�‹�ƒ�Ž���•�‡�–�ƒ�„�‘�Ž�‹�…���…�Š�ƒ�•�‰�‡�•���ƒ�•�†���’�”�‡�˜�‡�•�–�•���ƒ�‰�‡�æ�”�‡�Ž�ƒ�–�‡�†���†�‡�–�‡�”�‹�‘�”�ƒ�–�‹�‘�•�ä��
���‡�•�‡�•�…�‡�’�Š�ƒ�Ž�‹�…���ƒ�•�–�”�‘�…�›�–�‡�æ�†�‡�”�‹�˜�‡�†���•�‡�—�”�‘�–�”�‘�’�Š�‹�…���ˆ�ƒ�…�–�‘�”�����������	�����•�Š�‘�™�•���’�”�‘�–�‡�…�–�‹�˜�‡���‡�¡�‡�…�–�•���‘�•���…�‡�Ž�Ž�•���‹�•��
�˜�ƒ�”�‹�‘�—�•���•�‘�†�‡�Ž�•���‘�ˆ���†�‡�‰�‡�•�‡�”�ƒ�–�‹�˜�‡���†�‹�•�‡�ƒ�•�‡�•�ä�����‡�”�‡���™�‡���•�–�—�†�‹�‡�†���™�Š�‡�–�Š�‡�”���…�‹�”�…�—�Ž�ƒ�–�‹�•�‰���…�‘�•�…�‡�•�–�”�ƒ�–�‹�‘�•�•���‘�ˆ��
�������	���ƒ�”�‡���ƒ�•�•�‘�…�‹�ƒ�–�‡�†���™�‹�–�Š���ˆ�ƒ�•�–�‹�•�‰�æ�‹�•�†�—�…�‡�†���’�‘�•�‹�–�‹�˜�‡���‡�¡�‡�…�–�•�ä�����‡���“�—�ƒ�•�–�‹�¤�‡�†���–�Š�‡���Ž�‡�˜�‡�Ž�•���‘�ˆ���…�‹�”�…�—�Ž�ƒ�–�‹�•�‰��
�������	���ˆ�”�‘�•���z�v���Š�—�•�ƒ�•���•�—�„�Œ�‡�…�–�•���„�‡�ˆ�‘�”�‡���ƒ�•�†���ƒ�ˆ�–�‡�”���–�Š�‡�”�ƒ�’�‡�—�–�‹�…���ˆ�ƒ�•�–�‹�•�‰�ä�����•���•�‡�ƒ�•�—�”�‡�†���„�›���ƒ�•���‡�•�œ�›�•�‡�æ
linked immunosorbent assay (ELISA), the mean concentration of plasma MANF increased after an 
�ƒ�˜�‡�”�ƒ�‰�‡���ˆ�ƒ�•�–�‹�•�‰���‘�ˆ���w�{���†�ƒ�›�•�ä�����Ž�ƒ�•�•�ƒ���������	���Ž�‡�˜�‡�Ž�•���…�‘�”�”�‡�Ž�ƒ�–�‡�†���‹�•�˜�‡�”�•�‡�Ž�›���™�‹�–�Š���ƒ�†�‹�’�‘�•�‡�…�–�‹�•�á���ƒ���Š�‘�”�•�‘�•�‡���–�Š�ƒ�–��
�”�‡�‰�—�Ž�ƒ�–�‡�•���•�‡�–�ƒ�„�‘�Ž�‹�•�•�á���–�Š�—�•���•�—�‰�‰�‡�•�–�‹�•�‰���–�Š�ƒ�–���������	���Ž�‡�˜�‡�Ž�•���ƒ�”�‡���”�‡�Ž�ƒ�–�‡�†���–�‘���•�‡�–�ƒ�„�‘�Ž�‹�…���Š�‘�•�‡�‘�•�–�ƒ�•�‹�•�ä�����‘��
�•�–�—�†�›���–�Š�‡���‡�¡�‡�…�–�•���‘�ˆ���†�‹�‡�–�ƒ�”�›���‹�•�–�‡�”�˜�‡�•�–�‹�‘�•���‘�•���������	���…�‘�•�…�‡�•�–�”�ƒ�–�‹�‘�•�•���‹�•���•�‹�…�‡�á���™�‡���†�‡�˜�‡�Ž�‘�’�‡�†���ƒ�•���������������ˆ�‘�”��
�•�‘�—�•�‡���������	���ƒ�•�†���˜�‡�”�‹�¤�‡�†���‹�–�•���•�’�‡�…�‹�¤�…�‹�–�›���—�•�‹�•�‰���������	���•�•�‘�…�•�æ�‘�—�–�������������–�‹�•�•�—�‡�ä�������•�™�‹�–�…�Š���ˆ�”�‘�•���Š�‹�‰�Š�æ�ˆ�ƒ�–���–�‘��
normal diet increased MANF levels and downregulated the expression of unfolded protein response 
�������������‰�‡�•�‡�•���‹�•���–�Š�‡���Ž�‹�˜�‡�”�á���‹�•�†�‹�…�ƒ�–�‹�•�‰���†�‡�…�”�‡�ƒ�•�‡�†���‡�•�†�‘�’�Ž�ƒ�•�•�‹�…���”�‡�–�‹�…�—�Ž�—�•�������������•�–�”�‡�•�•�ä�����‹�˜�‡�”���������	���ƒ�•�†��
�•�‡�”�—�•���ƒ�†�‹�’�‘�•�‡�…�–�‹�•���…�‘�•�…�‡�•�–�”�ƒ�–�‹�‘�•�•���…�‘�”�”�‡�Ž�ƒ�–�‡�†���‹�•�˜�‡�”�•�‡�Ž�›���‹�•���•�‹�…�‡�ä�����—�”���¤�•�†�‹�•�‰�•���†�‡�•�‘�•�•�–�”�ƒ�–�‡���–�Š�ƒ�–���������	��
�‡�š�’�”�‡�•�•�‹�‘�•���ƒ�•�†���•�‡�…�”�‡�–�‹�‘�•���‹�•�…�”�‡�ƒ�•�‡�•���™�‹�–�Š���†�‹�‡�–�ƒ�”�›���‹�•�–�‡�”�˜�‡�•�–�‹�‘�•�ä�����Š�‡���������	���…�‘�”�”�‡�Ž�ƒ�–�‹�‘�•���–�‘���ƒ�†�‹�’�‘�•�‡�…�–�‹�•���ƒ�•�†��
�‹�–�•���’�‘�•�•�‹�„�Ž�‡���‹�•�˜�‘�Ž�˜�‡�•�‡�•�–���‹�•���•�‡�–�ƒ�„�‘�Ž�‹�…���”�‡�‰�—�Ž�ƒ�–�‹�‘�•���ƒ�•�†���‘�˜�‡�”�ƒ�Ž�Ž���Š�‡�ƒ�Ž�–�Š���™�ƒ�”�”�ƒ�•�–�•���ˆ�—�”�–�Š�‡�”���•�–�—�†�‹�‡�•�ä

Fasting is the voluntary restriction of food intake for a de�ned period and can be therapeutically used for dif-
ferent indications1. Medically supervised dietary restriction (i.e., nutritional intake of 200–500 kcal/day for a 
period of few weeks) has been successfully used for improving conditions such as metabolic syndrome2. Short- to 
mid-term fasting therapy has been reported to decrease body mass index (BMI), glucose and insulin levels, and 
insulin resistance in overweight and obese subjects3. Fasting regulates secretion of adiponectin and leptin, which 
are hormone-like peptides derived from adipose tissue and maintain metabolic homeostasis4. Increased levels 
of circulating adiponectin have been reported in dietary restriction studies5. In general, fasting regimes induce 
adaptive programs to reduce metabolism in response to food deprivation, promote health, and extend lifespan in 
multiple model organisms6,7.

MANF (also known as ARMET) was originally identi�ed based on its survival-promoting activity on cultured 
brain dopamine neurons8. Since then, the protective properties of MANF on various cell types have been demon-
strated in animal models of Parkinson’s disease, cerebral ischemia, spinocerebellar ataxia, myocardial infarction, 
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and retinal degeneration9–14. Manf conventional knock-out mice develop insulin-dependent diabetes due to post-
natal loss of pancreatic insulin-producing beta cell mass, indicating that MANF is important for the function and 
maintenance of pancreatic beta cells15. Circulating MANF levels are increased in human children with recent 
onset of type 1 diabetes and in adults with prediabetes and type 2 diabetes16,17, suggesting that alterations in levels 
of circulating MANF can indicate changes in energy metabolism.

Subcellular MANF localizes to the ER and ER stress has been shown to induce MANF expression and secretion 
in vitro and in vivo18–26. Proliferation and survival of pancreatic beta cells in Manf� /�  mice were evidently com-
promised due to chronic ER stress, suggesting that MANF is important for the maintenance of ER homeostasis in 
the cells15. ER stress is caused by an imbalance between protein synthesis and protein folding capacity. To restore 
ER homeostasis, an adaptive unfolded protein response (UPR) is induced by the activation of inositol-requiring 
enzyme (IRE)1, PKR-like ER kinase (PERK), and activating transcription factor (ATF)6 pathways27,28. Obesity 
and nutrient excess are known to induce chronic ER stress in the liver and several other tissues29.

In a recently published study, systemic MANF was shown to have anti-aging properties related to the regu-
lation of metabolism and immune response30. Using heterochronic parabiosis, which connects the blood circu-
lation from young and old mice, the authors demonstrated that the presence of MANF in the young blood was 
required for the rejuvenating e�ect of parabiosis on age-related liver degeneration in old mice. Similarly, systemic 
delivery of recombinant MANF protein was able to alleviate age-related liver damage in mice30.

Here, we aimed to determine whether dietary restriction, a known health-promoting and anti-aging regime, 
a�ects circulating concentrations of MANF in humans. We measured plasma MANF concentrations before and 
a�er therapeutic fasting using in-lab human MANF ELISA16 and studied the correlations between MANF levels 
and biochemical and physiological parameters. To perform dietary intervention in mice, diet-induced obese 
(DIO) mice were subjected to dietary fat withdrawal by changing from a high-fat diet (HFD) to a normal diet 
(ND). We decided to use DIO mice to model the present human study population, since 75% of the human sub-
jects in our study were overweight or obese. Changes in circulating and tissue levels of MANF and expression of 
UPR markers were studied in relation to diet change and subsequent weight loss in the mice. Since human MANF 
ELISA does not recognize mouse MANF16, a novel ELISA for mouse MANF protein was produced, and the spec-
i�city of the ELISA was con�rmed using serum and tissue samples from MANF KO mice15.

Results
���Ž�ƒ�•�•�ƒ���������	���‹�•���‹�•�…�”�‡�ƒ�•�‡�†���‹�•���ˆ�ƒ�•�–�‹�•�‰���Š�—�•�ƒ�•�•�ä�� �e study population consisted of 40 adults with an 
average age of 54.5 �  12.5 years (range 22–77 years) who volunteered to fast for therapeutic e�ects on various 
health conditions (Table�1). �e average concentration of MANF in human plasma samples before fasting was 
6.1 � 2.3 ng/ml (median: 5.8 ng/ml; range: 2.6–14.0 ng/ml, Fig.�1a). In samples collected a�er fasting, the average 
MANF concentration was 7.5 �  3.0 ng/ml (median: 7.1 ng/ml; range: 3.2–16.8 ng/ml). �e mean MANF plasma 
concentration increased by 1.4 ng/ml (�23%) during fasting (p � 0.001) (Fig.�1a,b). �e MANF concentration in 
plasma increased in 72.5% (n �  29/40) of the study subjects with an average increase of 2.3 �  2.0 ng/ml (range: 
0.2–11.0 ng/ml, �44%) from pre-fasting MANF concentration (Fig.�1b). In cases of decreased plasma MANF 
levels (n �  9/40, 22.5%), the average decrease was �1.2 �  1.0 ng/ml (range: � 0.1 to � 3.6 ng/ml, � 17%). MANF 
concentration was unchanged in two samples (5%).

�e average duration of fasting was 15.3 �  6.3 days (range 9–49 days, Table�1). We found no correlation 
between time of fasting and MANF concentration (ng/ml) a�er fasting (rs � �0.16, p � 0.34, n � 40), or the per-
centage change in MANF during of fasting (rs � 0.07, p � 0.66, n � 40; data not shown).

���‘�”�”�‡�Ž�ƒ�–�‹�‘�•���ƒ�•�ƒ�Ž�›�•�‹�•���‘�ˆ���…�‹�”�…�—�Ž�ƒ�–�‹�•�‰���������	���™�‹�–�Š���������á���‰�Ž�—�…�‘�•�‡�á���ƒ�•�†���‹�•�•�—�Ž�‹�•�ä��MANF serum levels did 
not di�er between lean (BMI � 25 kg/m 2), overweight (BMI 25–29.9 kg/m2), or obese (BMI � 30 kg/m 2) subjects 
in pre- or post-fasting situations. �e percentage change in MANF during fasting also did not di�er between the 
di�erent BMI groups (p � 0.05; data not shown). Circulating MANF concentrations showed no correlation with 
weight, BMI, waist circumference, or with blood lipids (Table�2). Furthermore, no correlations were observed 
between MANF and blood glucose or insulin levels, or with the levels measured a�er oral glucose tolerance test 

General

Age, years (mean � SD, range) 54.5 � 12.5, 22–77

Female, n (%) 30 (75%)

Days of fasting (mean � SD, range) 15.3 � 6.3, 9–49

BMI (kg/m2), (mean � SD, range) 29.8 � 8.6, 19–61

Diagnoses

Overweight, BMI 25–29.9 kg/m2, n (%) 16 (40%)

Obese, BMI � 30 kg/m 2, n (%) 14 (35%)

Arthritis (other than rheumatoid arthritis) 8 (20%)

Hypertonia 4 (10%)

Burn out/depression 4 (10%)

Hypothyreosis/struma 3 (7.5%)

History of cancer 3 (7.5%)

Table 1. Selected background information of the human study group. Only the most commonly occurred 
diagnoses are listed. BMI, body mass index.
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(OGTT). No correlation was found between MANF levels and homeostatic model assessment (HOMA) indexes 
for the estimation of insulin resistance (IR) and beta cell function (%�) (HOMA2 IR or HOMA2%�, respectively).

���”�‡�æ�ˆ�ƒ�•�–�‹�•�‰���������	���ƒ�•�†���ƒ�†�‹�’�‘�•�‡�…�–�‹�•���•�Š�‘�™���ƒ�•���‹�•�˜�‡�”�•�‡���…�‘�”�”�‡�Ž�ƒ�–�‹�‘�•�ä��We found an inverse correlation 
between MANF and adiponectin concentrations measured in pre-fasting plasma samples (rs �  � 0.36, p �  0.04, 
n �  32, Fig.�1c). Furthermore, the percentage change in MANF concentrations during fasting correlated inversely 
with the percentage change in adiponectin levels (rs �  � 0.49, p �  0.01, n �  32, Fig.�1d). In contrast to plasma 
MANF, average adiponectin levels measured before and after fasting (9.4 �  5.7 �g/ml and 10.5 �  4.9 �g/ml, 
respectively) did not signi�cantly di�er. Plasma adiponectin concentration was increased in 59.4% (n �  19/32) 
and decreased in 40.6% (n �  13/32) of the study subjects (p �  0.15; Fig.�1e,f). No correlations were found between 
the plasma levels of MANF and leptin or insulin like-growth factor-1 (IGF-1) (Table�2).

Figure 1. Plasma MANF levels increase with therapeutic fasting in humans. (a) MANF concentrations in 
human plasma samples by ELISA. (b) MANF concentration increased in 72.5% (n � 29/40) of cases a�er 
fasting (red lines). In 22.5% (n � 9/40) of cases, MANF decreased (blue lines) and in two cases (5%) remained 
unchanged (green lines). (c) Circulating concentrations of MANF (ng/ml) and adiponectin (�g/ml) correlated 
inversely before fasting (rs � �0.36, p � 0.04, n � 32). (d) Percentage change in plasma MANF and adiponectin 
levels between pre- and post-fasting samples correlated inversely (rs � �0.49, p � 0.01, n � 32). (e) Plasma 
adiponectin concentrations before and a�er fasting by ELISA. (f) Adiponectin concentration increased in 59.4% 
(n � 19/32) and decreased in 40.6% (n � 13/32) of cases a�er fasting (red and blue lines, respectively). Statistical 
signi�cance was analysed by Wilcoxon signed ranks test in (b,f). Correlations were analysed by Spearman’s rank 
correlation in (c,d). n.s. � not signi�cant.
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�
�‡�•�‡�”�ƒ�–�‹�‘�•���ƒ�•�†���˜�ƒ�Ž�‹�†�ƒ�–�‹�‘�•���‘�ˆ���•�‘�—�•�‡���������	�������������ä�� To quantify endogenous MANF protein levels in 
mouse serum and tissues, we developed a mouse (m)MANF ELISA and tested its speci�city by MANF KO mouse 
samples15. �e sensitivity of the mouse MANF ELISA was 29 pg/ml. �e assay detected both mouse and human 
MANF but did not detect homologous human cerebral dopamine neurotrophic factor (CDNF) with 59% amino 
acid identity31 and did not respond to MANF KO mouse serum or tissue lysates in contrast to samples from 
wild-type mice (Supplementary Table�S1). �e mMANF ELISA yielded a slightly di�erent concentration-response 
curve for recombinant mouse (rm) and human (rh) MANF proteins (Supplementary Table�S1). �e endoge-
nous MANF concentration in mouse serum samples was calculated by the standard curve of rmMANF protein 
whereas endogenous mouse MANF in tissue lysates was calculated by the standard curve of rhMANF. �is was 
because mouse tissue samples only gave acceptable dilutional linearity when compared to the rhMANF standard 
curve (Supplementary Table�S2).

Recombinant mMANF could be measured with acceptable accuracy and precision (total error within 15%) 
at concentrations of 31.25 to 1000 pg/ml. �e average intra- and interassay variations were 5.1% coe�cient of 
variation (CV) (range: 3.7–7.5%) and 9.7% CV (range: 5.4–16.5%), respectively (Supplementary Table�S3). �e 
dynamic range of the mMANF ELISA for rhMANF was 62.5 to 1,000 pg/ml and the average intra- and interas-
say variations were 9.8% CV (range: 7.5–13.0%) and 8.6% CV (range: 4.7–13.4%), respectively (Supplementary 
Table�S3). �e linearity of dilution was within 80% to 106% in mouse serum samples (n � 7) and 90% to 112% in 
mouse tissue lysates (n � 5) (Supplementary Table�S4). �e average recovery of 50 to 250 pg/ml spikes of recom-
binant mMANF and hMANF to study samples was 96 � 8% in mouse sera (n � 18) and 99 � 5% in tissue lysates, 
respectively (n � 6, Supplementary Table�S5).

We found that mouse MANF serum concentrations measured using mouse MANF ELISA correlated posi-
tively with the absorbance values at 414 nm (Abs414nm), signifying the extent of haemolysis in the serum samples 
(rs �  0.86, p �  0.001, n �  90, Supplementary Fig.�S1a). By excluding mouse serum samples with Abs414nm �  0.3, 
the positive correlation between MANF concentrations and Abs414nm was abolished (rs �  0.23, p �  0.16, n �  39, 
Supplementary Fig.�S1b), indicating that low levels of haemolysis do not dictate serum MANF concentration 
values. �erefore, only the MANF values that were quanti�ed from mouse cardiac serum samples with a cut-o� 
limit of 0.3 for Abs414nm we included in the analysis.

Variable

Pre-fasting Post-fasting % change

n
Spearman’s 
Rho p-value n

Spearman’s 
Rho p-value n

Spearman’s 
Rho p-value

Age 40 �0.11 0.52 40 �0.13 0.43 n.a. n.a.

Weight 40 0.04 0.80 40 �0.08 0.65 40 �0.20 0.22

BMI 40 0.02 0.93 40 �0.03 0.87 40 �0.21 0.19

Waist circumference 39 0.09 0.59 29 0.09 0.65 29 �0.12 0.54

Fasting glucose 40 �0.27 0.09 40 �0.05 0.75 40 0.25 0.13

Glucose 0.5 h a�er OGTT 40 �0.16 0.32 40 0.01 0.94 40 0.02 0.89

Glucose 2 h a�er OGTT 40 �0.05 0.75 39 0.14 0.39 39 0.07 0.67

Fasting insulin 40 �0.03 0.88 40 0.01 0.97 40 0.14 0.39

Insulin 0.5 h a�er OGTT 39 0.07 0.66 40 �0.16 0.32 39 �0.17 0.31

First-phase insulin secretion39 0.07 0.66 40 �0.10 0.56 39 �0.04 0.82

Early insulin response 39 0.10 0.56 40 �0.03 0.85 39 0.03 0.88

Oral disposition index 39 0.09 0.60 40 0.01 0.96 39 0.004 0.98

Matsudata index 39 0.04 0.82 40 0.09 0.60 39 �0.09 0.59

QUICKI 40 �0.05 0.78 40 0.19 0.24 40 �0.19 0.24

HOMA2 IR 40 �0.03 0.86 40 0.04 0.80 39 0.23 0.16

HOMA2%� 40 0.18 0.27 40 0.12 0.45 39 �0.08 0.63

Cholesterol 40 �0.20 0.22 39 �0.11 0.51 39 �0.10 0.55

LDL 40 �0.20 0.23 39 �0.12 0.48 39 �0.18 0.28

HDL 40 �0.15 0.36 39 �0.06 0.73 39 �0.07 0.66

Triglycerides 40 0.04 0.83 39 0.02 0.89 39 0.08 0.61

CRP 40 0.27 0.10 39 �0.03 0.86 38 0.08 0.61

Leukocytes 40 0.22 0.17 40 �0.04 0.79 39 �0.22 0.17

Leptin 33 0.03 0.88 33 �0.11 0.54 33 0.21 0.25

Adiponectin 32 �0.36 0.04� 33 �0.18 0.33 32 �0.49 0.01�

IGF-1 33 0.06 0.75 33 0.04 0.84 33 0.10 0.57

Table 2. Correlation analysis between circulating MANF levels and clinical variables. BMI, body mass index; 
CRP, C-reactive protein; HDL, high-density lipoprotein; HOMA2 IR, Homeostatic model assessment index 
2 insulin resistance; HOMA2%�, Homeostatic model assessment index 2 beta cell function; IGF-1, insulin-
like growth factor 1; LDL, low-density lipoprotein; OGTT, oral glucose tolerance test; QUICKI, quantitative 
insulin-sensitivity check index; n.a., not applicable. % change; correlation of the percentage change in MANF 
concentration during fasting with the percentage change in other variables.


















