
 

 

 
 

 

Edinburgh Research Explorer 
 
 

 
 

 
 

 
 

 

 
 

 
 

 
 

 
 

 
 

 
 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

GDF15 linked to maternal risk of nausea and vomiting during
pregnancy
Citation for published version:
Fejzo, M, Rocha, N, Cimino, I, Lockhart, SM, Petry, CJ, Kay, RG, Burling, K, Barker, P, George, AL, Yasara,
N, Premawardhena, A, Gong, S, Cook, E, Rimmington, D, Rainbow, K, Withers, DJ, Cortessis, V, Mullin,
PM, MacGibbon, KW, Jin, E, Kam, A, Campbell, A, Polasek, O, Tzoneva, G, Gribble, FM, Yeo, GSH, Lam,
BYH, Saudek, V, Hughes, IA, Ong, KK, Perry, JRB, Sutton Cole, A, Baumgarten, M, Welsh, P, Sattar, N,
Smith, GCS, Charnock-Jones, DS, Coll, AP, Meek, CL, Mettananda, S, Hayward, C, Mancuso, N &
O'Rahilly, S 2023, 'GDF15 linked to maternal risk of nausea and vomiting during pregnancy', Nature.
https://doi.org/10.1038/s41586-023-06921-9

Digital Object Identifier (DOI):
10.1038/s41586-023-06921-9

Link:
Link to publication record in Edinburgh Research Explorer

Document Version:
Peer reviewed version

Published In:
Nature

Publisher Rights Statement:
Open Access. This article is licensed under a Creative Commons Attribution 4.0 International License (CC BY
4.0), which permits use, sharing, adaptation, distribution and reproduction in any medium or format, as long as
you give appropriate credit to the original author(s) and the source, provide a link to the Creative Commons
licence, and indicate if changes were made. The images or other third party material in this article are included in
the article's Creative Commons licence, unless indicated otherwise in a credit line to the material. If material is
not included in the article's Creative Commons licence and your intended use is not permitted by statutory
regulation or exceeds the permitted use, you will need to obtain permission directly from the copyright holder. To
view a copy of this licence, visit http:// creat iveco mmons. org/ licen ses/ by/4. 0/.

General rights
Copyright for the publications made accessible via the Edinburgh Research Explorer is retained by the author(s)
and / or other copyright owners and it is a condition of accessing these publications that users recognise and
abide by the legal requirements associated with these rights.

Take down policy
The University of Edinburgh has made every reasonable effort to ensure that Edinburgh Research Explorer
content complies with UK legislation. If you believe that the public display of this file breaches copyright please
contact openaccess@ed.ac.uk providing details, and we will remove access to the work immediately and
investigate your claim.

Download date: 12. Jan. 2024

https://doi.org/10.1038/s41586-023-06921-9
https://doi.org/10.1038/s41586-023-06921-9
https://www.research.ed.ac.uk/en/publications/a89dfff2-c8f4-4d4a-b8a1-1418f7f9e5fe


 

   
 

 
   
 

Maternal sensitivity to fetal GDF15 and nausea and vomiting of pregnancy 1 

Fejzo M1*, Rocha N2*, Cimino I2* Lockhart SM2*, Petry CJ2*, Kay RG2,3, Burling K2,4, Barker 2 
P2,4,   George AL3,  Yasara N5, Premawardhena A6,7, Gong S8,9, Cook E8, Rimmington D2, 3 
Rainbow K2, Withers DJ2,  Cortessis V10, Mullin PM11, MacGibbon KW12, Jin E10, Kam A11, 4 
Campbell A13, Polasek O14, Tzoneva G15, Gribble FM2, Yeo GSH2, Lam BYH2, Saudek V2, 5 
Hughes IA16, Ong KK16,17, Perry JRB2,17, Sutton Cole A18 , Baumgarten M18, Welsh P19, Sattar 6 
N19,  Smith GCS8,9*, Charnock-Jones DS8,9*, Coll AP2*, Meek CL2*, Mettananda S5,20*, 7 
Hayward C13,21*, Mancuso N1,22,23* &  O’Rahilly S 24*^ 8 

1. Center for Genetic Epidemiology, Department of Population and Public Health Sciences, Keck School of 9 
Medicine, University of Southern California, Los Angeles, CA 10 

2. Medical Research Council (MRC) Metabolic Diseases Unit, Wellcome-MRC Institute of Metabolic Science, 11 
University of Cambridge, Cambridge, UK 12 

3. Peptidomics and Proteomics Core Facility, Level 4, Wellcome-MRC Institute of Metabolic Science, Cambridge 13 
University Hospitals NHS Foundation Trust, Cambridge CB2 0QQ, United Kingdom 14 

4. Core Biochemical Assay Laboratory, Cambridge University Hospitals NHS Foundation Trust, Cambridge CB2 0QQ, 15 
UK. 16 

5. Department of Paediatrics, Faculty of Medicine, University of Kelaniya, Thalagolla Road, Ragama, 11010, Sri 17 
Lanka  18 

6. Adolescent and Adult Thalassaemia Care Center (University Medical Unit), North Colombo Teaching Hospital, 19 
Kadawatha, Sri Lanka 20 

7. Department of Medicine, Faculty of Medicine, University of Kelaniya, Ragama, Sri Lanka 21 
8. Department of Obstetrics and Gynaecology, University of Cambridge, NIHR Cambridge Biomedical Research 22 

Centre, Cambridge, UK  23 
9. Centre for Trophoblast Research (CTR), Department of Physiology, Development and Neuroscience, University of 24 

Cambridge, Cambridge, UK 25 
10. Department of Population and Public Health Sciences, Keck School of Medicine, University of Southern 26 

California, Los Angeles, CA Department  27 
11. Department of Obstetrics and Gynaecology, Keck School of Medicine, University of Southern California, Los 28 

Angeles, CA. Public Health Sciences, Keck School of Medicine, University of Southern California, Los Angeles, CA 29 
12. Hyperemesis Education and Research Foundation, Clackamas, OR 30 
13. Centre for Genomic and Experimental Medicine, Institute of Genetics and Cancer, University of Edinburgh, 31 

Edinburgh, EH4 2XU, UK. 32 
14. Faculty of Medicine, University of Split, Split, Croatia. 33 
15. Regeneron Genetics Center, Tarrytown, NY, USA 34 
16. Department of Paediatrics, University of Cambridge, Cambridge, UK. 35 
17. MRC Epidemiology Unit, Wellcome-MRC Institute of Metabolic Science, University of Cambridge, Cambridge, UK 36 
18. Department of Obstetrics and Gynaecology, Cambridge University Hospitals NHS Foundation Trust, Cambridge, 37 

UK 38 
19. School of Cardiovascular and Metabolic Health, University of Glasgow, Glasgow, UK 39 
20. University Paediatrics Unit, Colombo North Teaching Hospital, Ragama, Sri Lanka  40 
21. MRC Human Genetics Unit, Institute of Genetics and Cancer, University of Edinburgh, Edinburgh EH4 2XU, UK 41 
22. Department of Quantitative and Computational Biology, University of Southern California 42 
23. Norris Comprehensive Cancer Center, Keck School of Medicine, University of Southern California 43 
24. Medical Research Council (MRC) Metabolic Diseases Unit, Wellcome-MRC Institute of Metabolic Science, 44 

University of Cambridge, Cambridge, UK. so104@medschl.cam.ac.uk 45 

* equal contributions  46 

^  Corresponding author 47 

 48 

 49 



 

   
 

 
   
 

Abstract 50 

GDF15, a hormone acting on the brainstem, has been implicated in the nausea and vomiting of 51 
pregnancy (NVP) including its most severe form, Hyperemesis Gravidarum (HG), but a full 52 
mechanistic understanding is lacking. Here we report that fetal production of GDF15, and maternal 53 
sensitivity to it, both contribute substantially to the risk of HG. We confirmed that higher GDF15 54 
levels in maternal blood are associated with vomiting and HG. Using mass spectrometry of a 55 
naturally-labelled GDF15 variant we demonstrate that the vast majority of GDF15 in the maternal 56 
plasma is derived from the feto-placental unit. By studying carriers of rare and common genetic 57 
variants we found that low levels of GDF15 in the non-pregnant state increase the risk of developing 58 
HG. Conversely, women with beta-thalassemia, a condition where GDF15 levels are chronically high, 59 
report very low levels of NVP.  In mice, the acute food intake response to a bolus of GDF15 is 60 
influenced bi-directionally by prior levels of circulating GDF15 in a manner suggesting that this 61 
system is susceptible to desensitization. Our findings support a causal role for fetally-derived GDF15 62 
in the nausea and vomiting of human pregnancy, with maternal sensitivity, at least partly 63 
determined by pre-pregnancy exposure to the hormone, being a major influence on its severity. 64 
They also suggest mechanism-based approaches to the treatment and prevention of HG.  65 

Main  66 

Nausea and vomiting affects approximately 70% of human pregnancies and can often be debilitating 67 
[1]. Hyperemesis gravidarum (HG) is diagnosed when nausea and vomiting is so severe that women 68 
are unable to eat and/or drink normally and have greatly limited daily activity. This is frequently 69 
accompanied by weight loss and electrolyte disturbance which can carry significant risks to the longer-70 
term health of both mother and offspring [1]. In the USA, HG is the leading cause of hospitalization in 71 
early pregnancy and the 2nd most common cause of pregnancy hospitalization overall [2]. Until 72 
recently there has been no significant advance in the understanding of the molecular pathogenesis of 73 
nausea and vomiting of pregnancy (NVP) or HG.  A body of evidence implicating GDF15, a circulating 74 
member of the TGF-ß superfamily, in these disorders has been emerging. In the non-pregnant state, 75 
GDF15 is ubiquitously produced in response to a range of cellular stresses. Its receptor, a heterodimer 76 
of GFRAL and RET, is expressed only in the hindbrain where its activation leads to nausea, vomiting, 77 
and aversive responses [3, 4]. For example, cis-platinum chemotherapy acutely elevates circulating 78 
GDF15 and the vomiting that occurs as a result of this is, in non-human primates, largely prevented by 79 
neutralizing GDF15 [5]. The presence of high levels of GDF15 (then called MIC-1) in maternal blood in 80 
normal human pregnancy was first reported in 2000 [6] by Breit and colleagues who first described 81 
the hormone. Recently, GDF15 was found to be one of the most abundant peptides secreted from 82 
human trophoblast organoids [7] and GDF15 mRNA is more abundant in placental mRNA than in all 83 
other tissues examined by the GTEx consortium [8].  When compared to women who had low levels 84 
of nausea or vomiting, concentrations of GDF15 in maternal circulation have been reported to be 85 
higher in women experiencing vomiting in pregnancy [9] and in a small group of women with HG [10]. 86 
These findings need to be viewed in the light of subsequent evidence for biased detection of common 87 
isoforms of GDF15 by the assays used [11]. The notion that GDF15 may have a primary role in the 88 
aetiology of HG, rather than increase as a consequence of the condition, was supported by the findings 89 
of the first genome wide association study of women with HG, which reported several independent 90 
variants close to the GDF15 gene as the most significantly associated SNPs in the maternal genome 91 
[12]. Subsequently, Fejzo et al. undertook an exome sequencing study in HG cases and controls and 92 
found that a rare, heterozygous missense variant in GDF15 (C211G) was highly enriched in HG cases 93 
vs controls [13].  However, to date, a mechanistic basis for these genetic associations has not been 94 



 

   
 

 
   
 

clearly elucidated. Here we demonstrate that GDF15 is truly elevated in NVP and HG and that the vast 95 
majority of GDF15 is of fetal origin. Remarkably, we show that rare and common genetic variants in 96 
GDF15 that increase HG risk do so by lowering circulating pre-pregnancy GDF15, and that women with 97 
conditions that increase GDF15 in the non-pregnant state are protected from NVP/HG; findings which 98 
appear to conflict with the known anorectic and emetic actions of GDF15. We resolve this apparent 99 
paradox by demonstrating that the anorectic actions of the GDF15-GFRAL axis are subject to 100 
desensitization and propose that antecedent levels of GDF15 influence maternal sensitivity to the 101 
surge of fetal derived GDF15 which occurs from early pregnancy onwards, thus determining the 102 
pregnant woman’s susceptibility to develop NVP and HG.  103 

Circulating GDF15 and severity of NVP 104 

A common genetic variant encoding amino acid residue 202 of GDF15 (H to D, hereafter H202D) that 105 
is associated with NVP and HG has recently been shown to systematically and substantially interfere 106 
with measurements of the peptide by reagents used in most of the studies that have reported GDF15 107 
concentrations in human circulation [11].  We therefore commenced our investigations by measuring 108 
GDF15 in blood using an immunoassay that is less susceptible to confounding by the H202D variant 109 
(Supplementary Table 1); samples were taken at ~15 weeks gestation from women who completed a 110 
questionnaire relating to NVP.  GDF15 levels were significantly higher in women reporting vomiting 111 
(N=168) compared to those reporting no nausea or vomiting (N=148) (Figure 1A and Supplementary 112 
Table 2-3).  In a second study, we obtained blood samples from 57 women presenting to hospital with 113 
HG and from 56 controls who reported low levels of nausea or vomiting. Participants in each group 114 
were of similar age and BMI and were predominantly in the first trimester of pregnancy when 115 
recruited (Supplementary Table 4).  GDF15 levels (measured by an assay that is not susceptible to 116 
interference by H202D [11]) were significantly higher in women with HG vs those without (Figure 1B 117 
and C, Supplementary Table 5).  These results increase confidence that there is a true association 118 
between maternal GDF15 levels with HG and levels of vomiting in pregnancy. 119 

Origin of circulating GDF15 in pregnancy 120 

GDF15 is widely expressed and, although the placenta is a site of high levels of expression, the relative 121 
contribution of the fetal and maternal tissues has not been established.  To examine this, we 122 
developed mass spectrometry-based assays capable of distinguishing between GDF15 carrying a 123 
histidine or an aspartate at position 202 (position 6 in the mature circulating molecule) (Extended 124 
Data Figure 1, Figure 2A).  Using placental RNAseq data and maternal DNA from the Pregnancy 125 
Outcome Prediction (POP) study cohort [8] we genotyped offspring and mothers (Supplementary 126 
Table 6) and studied 7 H202D discordant offspring/mother pairs in which either the fetus or the 127 
mother alone was heterozygous at this site. Strikingly, in maternal plasma where the mother was 128 
heterozygous at H202D the discordant maternal peptide contributed, on average, <1% of the total 129 
circulating GDF15 (Median Percentage D-peptide: 0.60% [Q1, Q3: 0.12, 2.25]) (Figure 2B-D). The 130 
maternal fraction of GDF15 appeared to increase in some pregnancies between the first and second 131 
trimester but declined in later pregnancy (Extended Data Figure 2A) as circulating concentrations of 132 
total GDF15 rise (Extended Data Figure 2B). To confirm that antenatal circulating GDF15 was near-133 
exclusively of fetal origin, we repeated these experiments using samples from maternal plasma where 134 
the fetus was heterozygous at the H202D position, and the mother was homozygous for the reference 135 
allele. Surprisingly the D-peptide, which is produced only by the fetus in this cohort, constituted 136 
greater than half of the total circulating GDF15 (Mean percentage D-peptide: 62.6%, 95%CI[59.1, 137 
66.0], P=6.80 x 10-6, one-sample T-Test) – implying that it was present in excess of what would be 138 



 

   
 

 
   
 

expected even if all circulating GDF15 was fetal in origin (Figure 2E). This was not attributable to assay 139 
bias (Extended Data Figure 2C). These data suggest that the D-peptide may be preferentially 140 
expressed, secreted, and/or may have a prolonged half-life in the circulation.  141 

A rare HG risk variant impairs GDF15 secretion 142 

Fejzo et al. have previously reported that women heterozygous for the C211G mutation in GDF15 have 143 
at least a 10-fold increased risk of developing HG [13]. Cysteine 211 is one of the key conserved 144 
cysteine residues involved in intrachain di-sulphide bonding of GDF15 and its absence is predicted to 145 
be highly damaging [14]. Supporting this, when we transiently transfected a construct encoding GDF15 146 
with a glycine at position 211 into HEK 293T cells it was highly expressed but, unlike wild-type, the 147 
mature peptide was not secreted and the unprocessed pro-peptide was completely retained 148 
intracellularly (Figure 3A, Extended Data Figure 3A). GDF15 is secreted as a homodimer, so we wished 149 
to test whether the mutant form might interfere with the secretion of wild-type GDF15.  We 150 
differentially tagged mutant and wild-type forms of GDF15 and demonstrated a clear reduction in the 151 
secretion of wild-type GDF15 when it was co-expressed with 211G (Figure 3B, Extended Data Figure 152 
3B-C).  153 

To determine the effect of the C211G variant on circulating GDF15, we studied a Croatian cohort [15] 154 
in whom exome sequencing had identified 11/2872 C211G heterozygotes (Minor Allele Frequency ~ 155 
0.002).  Levels of circulating GDF15 (measured by an in-house MSD assay using the Ansh Lab Total 156 
GDF15 antibodies) in C211G heterozygotes (none of whom were known to be pregnant) were reduced 157 
by more than 50% compared to age- and sex-matched controls from the same population (Figure 3C, 158 
Supplementary Table 7).  159 

To clarify the interaction between maternal and fetal carriage of the C211G variant, we identified 17 160 
offspring of 6 women previously found to be heterozygous for C211G [13]. The mothers had HG in 161 
10/10 pregnancies where the fetus was homozygous wild-type at position C211. Conversely, HG was 162 
reported in only 4/7 pregnancies where the fetus was heterozygous for C211G (Supplementary Table 163 
8), suggesting that maternal carriage of the C211G variant confers HG risk and that this risk may be 164 
moderated when the variant is also carried by the fetus.  165 

Common HG risk variants lower GDF15 in the non-pregnant state 166 

Common genetic variants in and around the GDF15 gene have been reported to have the strongest 167 
genome wide association with HG. We studied two single nucleotide variants at the GDF15 locus which 168 
are independently associated with HG [12] and examined their association with GDF15 levels 169 
(measured by Roche Elecys) in 18,184 people from the Generation Scotland Study [16]. Consistent 170 
with the effects of the rare C211G variant, both HG risk alleles were associated with lower GDF15 in 171 
the non-pregnant state (rs45543339: β = -0.34 SD, 95%CI[-0.36, -0.32], rs1054221 conditioned on lead 172 
signal: β = -0.34 SD, 95%CI[-0.36, -0.31] Figure 3D).  173 

To systematically test for a causal relationship between circulating GDF15 in the non-pregnant state 174 
and HG risk, we performed LD-aware Mendelian randomization (MR) analysis using cis-pQTLs (P < 175 
5x10-8) identified in a genome wide association study of circulating GDF15 (measured by Roche Elecys) 176 
in the Generation Scotland Study (N=18,184). Overall, we observed that increased circulating GDF15 177 
in the non-pregnant state reduced HG risk (IVW MR; OR=0.70 per SD increase in GDF15 95%CI[0.65-178 
0.76], P = 6.98 x 10-17) (Figure 3E, Supplementary Table 9). These results were robust to the choice of 179 
LD reference panel, instrument selection, and MR approach (Extended Data Figure 4, Supplementary 180 
Table 9-11). While we have previously demonstrated that the Roche Elecsys assay is not affected by 181 



 

   
 

 
   
 

the common protein altering variant H202D (rs1058587) [11], we wished to exclude any possibility 182 
that small biases in detection related to this variant could explain our findings. Therefore, we repeated 183 
our analysis after conditioning on this variant and found similar results (Extended Data Figure 5, 184 
Supplementary Table 12).  185 

Finally, we used statistical colocalization implemented in coloc [17], a complementary approach to MR 186 
which can be used to assess the probability that a genetic signal is shared between an outcome of 187 
interest and an intermediate molecular trait, in this case HG and circulating GDF15, respectively. We 188 
observed two colocalizing signals at the GDF15 locus (rs45543339 and rs1227731; PPH4 >0.99, 189 
Supplementary Table 13), which correspond to the two independent signals presented in Figure 3D, 190 
where both HG risk-raising alleles were associated with reduced GDF15 in the non-pregnant state. 191 

Thus, from studies of both rare and common genetic variants in GDF15, it appears that higher 192 
circulating levels of the hormone in the non-pregnant state are associated with protection from HG.    193 

Prior exposure to GDF15 influences responses to an acute bolus of GDF15  194 

To test the hypothesis that prior levels of exposure could influence acute responses to GDF15 we 195 
administered a long-acting form of GDF15 (human FC_GDF15, 0.01mg/kg, [18]) to wild-type mice 196 
(Figure 4A). Pre-treatment with FC_GDF15 resulted in a mean concentration of 4773 ± 440pg/ml 3 197 
days after the injection, which corresponds to ~47-fold increase compared to basal circulating levels 198 
of mouse GDF15. This resulted in transient suppression of food intake for one day after injection 199 
relative to untreated controls (Extended Data Figure 6). Three days after treatment with FC_GDF15, 200 
mice were then given an acute bolus of human recombinant GDF15 (0.1mg/kg), which typically 201 
elevates GDF15 to >20,000 pg/ml 1 hour after injection [19], and its effects on food intake and body 202 
weight were measured.  Mice previously receiving a vehicle control injection showed the expected 203 
major reduction in food intake in response to a bolus of GDF15 (Figure 4B) and lost weight (Figure 4C). 204 
In contrast, mice previously exposed to GDF15 had a markedly blunted acute response (Figure 4B-C), 205 
supporting the notion that elevated antecedent levels of GDF15 can influence the subsequent action 206 
of an acute rise in circulating GDF15. In order to independently examine whether basal GDF15 levels 207 
can modulate the anorectic actions of acute GDF15 administration, we studied mice congenitally 208 
lacking GDF15 (Gdf15-/-) treated with a dose of human recombinant GDF15 (0.01 mg/kg) that, when 209 
given to wild type mice, does not typically reduce food intake over a 24-hour period.  We compared 210 
the effects of this dose of GDF15 in Gdf15-/- mice and their wild type littermates.  24 hours after GDF15 211 
administration, food intake was suppressed in GDF15-deficient mice but not in their wild type 212 
littermates (Figure 4D-E). Together, these orthogonal experiments establish that the anorectic actions 213 
of acute GDF15 can be modulated by prior GDF15 exposure.   214 

Pre-pregnancy exposure to high levels of GDF15 and NVP 215 

Some chronic medical conditions are characterised by life-long elevations of GDF15. Our hypothesis 216 
predicted that such exposure might reduce the risk of developing nausea and vomiting when those 217 
individuals become pregnant. Beta thalassemia is a genetic disorder affecting red blood cells where 218 
extremely high levels of GDF15, found throughout life [20, 21], are thought to come from the 219 
expanded mass of stressed erythroblasts. Though fertility is impaired in this disease, some women, 220 
particularly those with thalassemia intermedia, do become pregnant.  We conducted a survey (see 221 
Supplemental material) of women with beta-thalassaemia who had undergone at least one 222 
pregnancy which had resulted in a live birth and compared the results with ethnically- and age-223 
matched women who did not have thalassemia. There was a striking reduction in symptoms of NVP 224 



 

   
 

 
   
 

in the women with thalassemia: only ~5% of women with thalassemia reported any nausea or vomiting 225 
compared to >60% of the controls (P<0.01) (Supplementary Table 14).     226 

Summary and conclusions    227 

Despite the fact that nausea and vomiting are symptoms which occur in most human pregnancies, are 228 
commonly disabling and, when severe, can be life-threatening [1], their aetiology and pathogenesis 229 
have remained poorly understood. Here we present evidence that the severity of nausea and vomiting 230 
of pregnancy is the result of the interaction of fetal derived GDF15 and the mother’s sensitivity to this 231 
peptide, which is substantially determined by her prior exposure to the hormone.  232 

Using immunoassays that are not confounded by the common H202D variant we showed that levels 233 
of GDF15 in the maternal circulation in the late first trimester are significantly higher in women with 234 
HG compared to those without severe nausea and vomiting and also in an independent cohort of 235 
pregnant women who, early in the second trimester, reported vomiting in pregnancy compared to 236 
those reporting no nausea or vomiting. We can now conclude with confidence that higher circulating 237 
levels of GDF15 in maternal blood are associated with an increased risk of NVP and HG. However, as 238 
there is considerable overlap in levels between HG cases and controls, GDF15 concentrations alone 239 
cannot be used as a diagnostic tool to differentiate HG from other causes of vomiting in a pregnant 240 
woman. 241 

We applied mass spectrometry to genetically discordant mother/offspring pairs and identified the 242 
feto-placental unit as the predominant source of GDF15 circulating in maternal blood.  This finding is 243 
consistent with previous reports of extremely high levels of GDF15 gene expression in, and protein 244 
secretion from, human trophoblasts [7]. A caveat to this observation is that these studies were 245 
undertaken in healthy pregnancies, and it is conceivable that, in women with established HG, stressed 246 
maternal tissues may, in theory, make an additional contribution to the circulating pool.  247 

The rare coding variant GDF15 C211G has been reported to greatly increase the risk of HG [13].  We 248 
report that this mutation is associated with markedly lower circulating levels in the non-pregnant state 249 
attributable to the deleterious effects of the mutation on secretion of mature GDF15, including any 250 
wild-type subunit present in heterodimeric GDF15. We also demonstrate that common HG risk 251 
conferring variants are associated with lower circulating levels of GDF15 in the non-pregnant state.  252 
Conversely, high levels of GDF15 preceding pregnancy, as are found in thalassemia, appear to strong 253 
protect against the development of NVP. This finding is consistent with studies which report that pre-254 
pregnancy cigarette smoking, a behaviour associated with elevated GDF15 [22], reduces the risk of HG 255 
[23]. 256 

Agonist-induced desensitization is a feature of many hormone-receptor systems and here we show 257 
that this occurs in the case of GDF15, and its receptor GFRAL-RET. Mice exposed to mildly 258 
supraphysiological doses of GDF15 for 3 days show markedly attenuated food intake and body weight 259 
responses to an acute bolus of GDF15. The tendency for the GDF15/GFRAL-RET system to exhibit some 260 
degree of ligand induced desensitization provides a plausible explanation for the effects of pre-261 
pregnancy GDF15 exposure on the risk of NVP and HG developing in the face of the acute increase in 262 
circulating GDF15 which begins in early pregnancy.   263 

We report that levels of GDF15 are higher in pregnant women with NVP and HG than in those without 264 
those symptoms and have also shown that the feto-placental unit is the major source of that GDF15 265 
in maternal blood. Mothers with HG are enriched in GDF15 variants which are associated with lower 266 
GDF15 in the non-pregnant state and will transmit ~50% of those alleles to their offspring, in whom 267 



 

   
 

 
   
 

they might be expected to lower GDF15 levels.  How can those observations be reconciled?  Firstly, it 268 
is possible that variants that affect the expression of GDF15 do so differentially in adult tissue vs 269 
placenta. Secondly, there are factors beyond the GDF15 gene which may influence GDF15 production 270 
by the feto-placental unit.  For example, female fetal sex, the presence of twins, or the presence of 271 
invasive trophoblastic disease are all associated with increased HG risk [24, 25] and, at least in the 272 
case of female fetuses, increased GDF15 levels in pregnancy [26]. In the case of the C211G HG risk 273 
variant, we found suggestive evidence for an interaction between maternal and fetal GDF15 274 
genotypes, with fetal carriage of this variant apparently moderating the maternal effect. Thus, HG 275 
occurred in 10 out of 10 pregnancies where the mother was a C211G heterozygote (presumably with 276 
low pre-pregnancy levels of circulating GDF15) and was carrying a wild-type fetus, but only in 4 out of 277 
7 pregnancies where the fetus was heterozygous for the mutation. Given the small sample size these 278 
results should be considered hypothesis generating and require replication in larger studies with 279 
maternal and fetal genotype, HG symptoms and antenatal GDF15 measurements. 280 

Our findings have obvious implications for the prevention and treatment of HG.  The acute rise in 281 
GDF15 which accompanies normal pregnancy is, we would argue, likely to be necessary, if not 282 
sufficient, for the causation of HG. The corollary of this is that blocking GDF15 action in the pregnant 283 
mother should be a highly effective therapy for women suffering from HG.  We make this argument 284 
based on a number of observations. Firstly, the administration of acute bolus of GDF15 to humans, 285 
resulting in levels similar to that seen in pregnancy, frequently results in nausea and vomiting [4]. 286 
Secondly, in non-human primates, blocking GDF15 is highly effective in reducing vomiting resulting 287 
from the administration of drugs such as cis-platinum which cause an acute increase in GDF15 [5].  288 
Thirdly, human genetic variants, common and rare, point to the GDF15 system as a major susceptibility 289 
locus for human HG [12, 13]. Fourthly, the striking reduction in frequency of NVP in women with 290 
thalassemia, a condition of markedly increased pre-pregnancy levels of GDF15, suggests that GDF15 291 
plays a key role in the causation of these symptoms in pregnancy. The fact that high GDF15 levels in 292 
the non-pregnant state appears to protect against the development of NVP and HG suggests that 293 
strategies which safely increase circulating GDF15 levels prior to pregnancy may be useful in the 294 
prevention of these conditions. The safety of recombinant GDF15, at least in the short term and 295 
outside of pregnancy, has been demonstrated in Phase 1 clinical trials and this could be administered 296 
at low doses prior to pregnancy with the intention of inducing GDF15/GFRAL desensitization [4]. 297 
Alternatively, metformin robustly increases GDF15 in humans [27] and could be tested as a 298 
prophylactic agent for HG. While metformin is often prescribed off-label in the periconception period 299 
in polycystic ovarian syndrome where it may improve fertility, possible adverse effects on fetal growth 300 
have been described when it is used in the context of gestational diabetes [28] and these should be 301 
borne in mind when evaluating its potential safety and efficacy. Regardless of specific agents used, 302 
more information on the dose-response and time course of GDF15 desensitization in humans is 303 
required before planning trials of pre-pregnancy GDF15 exposure in women at risk of HG. 304 

Since the tragedy of thalidomide [29], concerns about safety have understandably been very 305 
prominent in discussions of novel treatments for HG, particularly any that would cross the placenta 306 
and carry a risk of teratogenesis. For other disease indications, antibodies have been engineered to 307 
minimise their transplacental passage, and have been widely used [30], so this should be a possible 308 
route to safe blockade of GDF15 signalling.   There are reasons to think that highly specific blockade 309 
of GDF15 signalling through its receptor GFRAL is likely to be safe, even if such an antagonist did gain 310 
access to the fetus. GDF15 appears to act specifically through GFRAL, which is expressed only in the 311 
hindbrain. Mice lacking GDF15 or GFRAL develop normally and remain largely healthy throughout life. 312 



 

   
 

 
   
 

GDF15 appears to have evolved primarily as a signal to confer information about a range of somatic 313 
stresses (such as produced by toxins) to the brain in order to reduce continuing exposure to those 314 
stresses at the time of exposure and in the future, through promoting avoidance behaviour [31]. The 315 
placentae of certain higher mammals, including primates, have evolved to produce large amounts of 316 
GDF15 from early pregnancy, a phenomenon which likely explains the very common occurrence of 317 
nausea and vomiting in pregnant women [7]. Sherman and Flaxman [32] suggested that the 318 
evolutionary basis for this likely lay in the protection of both mother and fetus from food-borne illness 319 
and toxins, particularly important at a time when the fetus is most susceptible to teratogens and the 320 
immunosuppressed state of early pregnancy makes mothers susceptible to infections. The energy 321 
needs of the growing fetus may outweigh those risks as the pregnancy progresses resulting in the 322 
selection against persistence of NVP beyond the 1st trimester in normal pregnancies. The phenomenon 323 
of ligand induced desensitization, which we have demonstrated to occur with GDF15 may explain the 324 
natural tendency for the severity of NVP to wane as pregnancy progresses.  325 

Our work has some important limitations. Our Mendelian randomization estimates did not account 326 
for fetal genotype which is 50% correlated with maternal genotype and GDF15-raising alleles may also 327 
be functional in placenta. However, given the divergent effects of maternal and fetal GDF15 on HG 328 
risk – our estimates may actually be an underestimate of the protective effects of pre-pregnancy 329 
GDF15 elevation. While we have provided two orthogonal pieces of evidence that prior exposure to 330 
GDF15 alters the food intake response to a subsequent bolus of GDF15, further work is required to 331 
better understand the level at which such modulation occurs and to experimentally establish that 332 
desensitization occurs to the nauseating and aversive effects of GDF15 in longer-term animal 333 
experiments and in humans.  334 

In conclusion, our findings place GDF15 at the mechanistic heart of NVP and HG and clearly point the 335 
way to strategies for its treatment and prevention.  336 

 337 

Figure Legends 338 

Figure 1 Circulating GDF15 is elevated in women experiencing nausea and vomiting in pregnancy and 339 
hyperemesis gravidarum. A: Dot and box plots illustrating the distribution of circulating GDF15 levels in women 340 
at ~15 weeks’ gestation with a history of vomiting in pregnancy vs those reporting no nausea and vomiting in 341 
pregnancy. P-value is from an unadjusted linear regression model using natural-log transformed GDF15 342 
concentrations. B: Dot and box plots illustrating the distribution of GDF15 levels (Mean gestational age ~ 10 343 
weeks) in women presenting with hyperemesis gravidarum (HG) and those with low levels of nausea and 344 
vomiting in pregnancy. P-value is from an unadjusted linear regression model using natural-log transformed 345 
GDF15 concentrations. C: Scatter plot illustrating the relationship between gestational age and GDF15 in the 346 
first trimester. The trend lines show predicted values of GDF15 levels (mean +/- 95% CI) in women with and 347 
without HG from a linear regression model of natural-log transformed GDF15 with gestational age and HG status 348 
included as predictor variables. The P-values are derived from the same regression model for the effect of HG 349 
(HG vs Con) and gestational age (Gest. Age). 5 participants (HG = 1, Control = 4) included in the analysis in panel 350 
(B) are not plotted or included in this model as they were recruited after the first trimester. The boxplots in A 351 
and B are Tukey boxplots: the lower whiskers represent minimum values, the upper whiskers represent 1.5 x 352 
IQR, the upper and lower bounds of the box represent the 75th and 25th percentile, respectively. The centre of 353 
the box represents the median.  354 

Figure 2 Circulating GDF15 in human pregnancy is predominantly of fetal origin. A: Schema of experimental 355 
design. The GDF15 dimer for maternal and fetal GDF15 is extracted and then digested with the endopeptidase 356 



 

   
 

 
   
 

GluC, cutting the N-terminal region into two distinct peptides with glutamic acid C-termini. The stoichiometry of 357 
the H and D peptides can then be monitored using LC-MS/MS to determine the relative levels of maternal or 358 
fetal derived GDF15 in the maternal circulation. B: Representative LC-MS retention time of H and D peptides 359 
from maternal plasma where the mother is heterozygous at H202D and the fetus is homozygous for the H or D 360 
allele as indicated. C-E:  Scatter plots of the relative quantitation of H peptide vs the D peptide in plasma from 361 
pregnancies with the indicated genotypes.  The dashed coloured lines  indicate the expected relationships 362 
between the H and D peptides for the given circulatory origins of GDF15. C: N=20 samples from 5 pregnancies, 363 
D: N=8 samples from 2 pregnancies, E: N = 47 samples from 12 pregnancies. Figure 2A was created using 364 
biorender.com. 365 

Figure 3 Rare and common hyperemesis gravidarum risk variants lower circulating GDF15 in the non-pregnant 366 
state. A: A rare HG risk variant, GDF15 C211G, impairs the secretion of GDF15 as determined by western blotting 367 
of cell culture medium of cells expressing Flag-tagged wild-type GDF15 (WT-Flag) or GDF15 C211G (C211G-Flag). 368 
B: GDF15 C211G impairs the secretion of wild-type GDF15 in a dominant-negative manner as co-expression of 369 
the mutant inhibited secretion of wild-type GDF15 from 293T cells co-transfected with different amounts (shown 370 
in nanograms) of WT-Flag and Myc-tagged GDF15 C211G (C211G-Myc), as indicated. For A and B representative 371 
images from 3 independent experiments are presented; EV represents transfection with the empty plasmid 372 
backbone. C: Dot and box plots showing GDF15 levels measured using the Ansh Total GDF15 assay in carriers of 373 
GDF15 C211G variant (N=10) identified in an exome-sequencing study of a Croatian population and age- and 374 
sex-matched controls (N=60) derived from the same study. P-value is from a linear regression model of natural 375 
log transformed GDF15 ~ C211G status. The boxplot is a Tukey boxplot- lower whiskers (both): minimum values, 376 
upper whisker (Control): 1.5xIQR, upper whisker (C211G): maximum value, box bounds (both): 25th, 50th and 75th 377 
centile. D: Forest plot illustrating the effect of previously described HG risk SNPS (N(HG Cases)=1306, 378 
N(Controls)=15,756) on circulating GDF15 measured in 18,184 participants in the Generation Scotland Study. 379 
The effect estimates for the rs1054221 variant presented are from an analysis conditioned on the lead HG 380 
variant rs45543339. The effect of the HG risk allele on circulating GDF15 in standard deviations and of the SNP 381 
on risk of HG in log-odds (both +/- 95% confidence intervals) are shown. E: Scatterplot of HG GWAS effect 382 
estimates (ie log-odds) vs Roche-based GDF15 pQTL effect estimates derived from cis-Mendelian randomization 383 
at the GDF15 locus. MR was performed using m=259 SNPs with genome-wide evidence of pQTL effects on GDF15 384 
levels within 1Mb GDF15 locus and adjusted using LD estimates from UK Biobank (see Methods). Causal effect 385 
estimates obtained using LD-aware MR and reflected as regression lines. 386 

Figure 4 Treatment with long acting GDF15 influences the response to the anorectic actions of acute GDF15 387 
treatment in mice. A: Schema of the experimental paradigm for results presented in B and C. Adult male and 388 
female C57Bl/6J mice were injected with 0.01mg/kg of Fc-GDF15 fusion protein (Fc_GDF15) or vehicle control 389 
(PBS). Food intake was measured overnight (from 17:00 to 09:00) before (black bar) and after treatment (red 390 
bar) with short acting human recombinant GDF-15 (hrGDF15 0.1mg/kg). B: Food intake recorded overnight 391 
(17:00 to 09:00) the day before (black dots) and after an acute bolus of hrGDF15 (red dots) in mice with and 392 
without pre-treatment with Fc_GDF15. C: Body weight at 09:00 the day before (black dots) and 09:00 the day 393 
after (red dots) an acute bolus of hrGDF15 in mice with and without pre-treatment with Fc_GDF15. N=17 (12 394 
male, 5 female) in Control and 19 in FC_GDF15 group (13 male, 6 female). D-E: In, wild-type (N=22, 7 female, 15 395 
male) and Gdf15-/- (N=31, 13 male, 18 females, GDF15KO) mice food intake was measured for 24 hours before 396 
(Pre-GDF15) and after (Post-GDF15) treatment with 0.01mg/kg human recombinant GDF15. D: Mean +/- SEM 397 
food intake over a 24-hour period before and after GDF15 treatment.  E: The same data (Mean +/- SEM food 398 
intake) is plotted with individual data points disaggregated by sex to demonstrate the consistency of the effect 399 
across both sexes.  All P-values presented in this figure are two-sided. Data were analysed with mixed effects 400 
models, post-hoc testing comparing food intake and body weight before and after acute GDF15 treatment was 401 
conducted with the Sidak test to correct for multiple testing.  B-C: ns = non-significant, *P=0.02, ***P=0.0006, 402 
****P<0.0001, D: *P=0.03. 403 
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Extended Data Figure Legends 406 

Extended Data Figure 1. LC-MS/MS traces of two GDF15 related peptides and the murine anti-GDF15 antibody 407 
peptide from the heterozygous fetus analysis. A: N-terminal peptide from the wild-type protein, RT=~5.47. B: 408 
N-terminal peptide from the mutant protein, RT=~5.51. C: Peptide from the murine anti GDF15 antibody, 409 
RT=~5.09. Data shown is traces generated from extracted plasma spiked with mutant homodimer, wild type 410 
homodimer and an extracted participant sample. 411 

Extended Data Figure 2. Measurement of fetal and maternally derived GDF15 in pregnancy. A: The estimated 412 
proportion of maternally derived GDF15 in 7 different pregnancies across 4 gestational ages where the fetus is 413 
homozygous for either the H or D at H202D and the mother is heterozygous at this site. B: The relative 414 
abundance of Total GDF15 measured by mass spectrometry in 14 different pregnancies where the fetus is 415 
homozygous for either H or D at H202D across 4 gestational ages, including the 7 genotype-discordant 416 
pregnancies presented in panel (A) and a further 7 pregnancies where the maternal genotype is concordant with 417 
the fetal genotype. Total GDF15 is expressed as a percentage of the mean value at 12 weeks gestation. Two 418 
sided P-value derived from a linear mixed model of log transformed Total GDF15~Gestational age with random 419 
intercepts. C: The relative abundance of N-terminal peptides from synthetic GDF15 homodimers with H or D at 420 
position 202 extracted using the R&D anti-GDF15 capture antibody coupled to magnetic beads. Plasma was 421 
fortified at the same concentration for each protein, extracted (n=6) and analyzed by Orbitrap MS. AU = arbitrary 422 
units. Paired sample Wilcoxon test was used to compare the abundance of recovered H and D peptides, the 423 
presented P-value is two-sided. 424 

Extended Data Figure 3. The C211G mutant is expressed intracellularly and heterodimerizes with its wild-type 425 
counterpart. A: Western blotting of cell lysates expressing Flag-tagged fusions of wild-type GDF15 (WT-Flag) or 426 
GDF15 C211G (C211G-Flag). B: Co-expression of wild-type GDF15 (WT-Flag) and Myc-tagged GDF15 C211G 427 
(C211G-Myc) does not impair the intracellular expression of wild-type GDF-15. C: WT and C211G form 428 
intracellular heterodimers, as judged by the co-immunoprecipitation of WT-Flag and C211G-Myc using anti-Flag 429 
antibodies.  Asterisks mark co-eluted immunoglobulin light chains. Replicates, N=3, representative images are 430 
shown. EV indicates transfections with the empty plasmid backbone only.   431 

Extended Data Figure 4. Mendelian Randomization estimates are robust to LD reference panel. MR was 432 
performed using m=259 SNPs with genome-wide evidence of pQTL effects on GDF15 levels within 1Mb GDF15 433 
locus and adjusted using LD estimates from 1000G WGS individuals (n=489; see Methods). A: Scatterplot of HG 434 
GWAS effect estimates (ie log-odds) vs Roche-based GDF15 pQTL effect estimates. Vertical and horizontal lines 435 
represent 95% confidence intervals of HG effects and GDF15 effects, respectively. Causal effects were estimated 436 
using LD-aware IVW MR and depicted as a regression line. B: Forest plot of the IVW MR causal effect-size 437 
estimates of circulating GDF15 levels on HG risk from UK Biobank and 1000G LD references. Each point 438 
represents the estimated causal effect and 95% confidence interval of a 1 standard deviation increase in 439 
circulating GDF15 in the non-pregnant state on HG risk in log-odds. The null of no mediating/causal effect is 440 
represented as a solid red line at 0.  441 

Extended Data Figure 5. Mendelian Randomization estimates are robust to previously reported confounder 442 
SNP. MR was performed using m=258 SNPs with genome-wide evidence of pQTL effects on GDF15 levels within 443 
1Mb GDF15 locus after residualizing (ie conditioning) on the effect of variant rs1058587, which was previously 444 
suggested to confound quantification of GDF15 levels [1, 2]. Results were adjusted using LD estimates from 445 
UKBiobank WGS individuals (n=138335; see Methods). A Scatterplot of conditional HG GWAS effect estimates 446 
(ie log-odds) vs conditional Roche-based GDF15 pQTL effect estimates. Vertical and horizontal lines represent 447 
95% confidence intervals of HG effects and GDF15 effects, respectively. Causal effect estimates obtained using 448 
LD-aware IVW MR and reflected as regression lines. B: Forest plot of the causal effect-size estimates of 449 
circulating GDF15 levels on HG risk from standard (ie marginal) pQTL/GWAS results and those obtained using 450 
pQTL/GWAS results conditioned on variant rs1058587. Each point represents the estimated causal effect and 451 
95% confidence interval of a 1 standard deviation increase in circulating GDF15 in the non-pregnant state on HG 452 
risk in log-odds. The null of no mediating/causal effect is represented as a solid red line at 0. 453 
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Extended Data Figure 6. Longitudinal effects of long acting GDF15 on food intake and body weight and mice 455 

A-B: The effects of 0.01mg/kg of Fc-GDF15-15 fusion protein (FC_GDF15) or vehicle control (PBS) on food intake 456 
(A) or body weight (B). In (A) Days 1 – 3 represent 24-hour food intake from 5pm to 5pm after treatment with 457 
control or FC_GDF15. Day 4 represents food intake from 5pm to 5pm after both groups received an acute bolus 458 
of human recombinant GDF15 (0.1mg/kg). The black lines indicate mean food intake for each day. In (B) mean 459 
+/- SEM change in body weight at 5pm is presented as a percentage of baseline body weight. Days 1-3: N=17 (12 460 
male, 5 female) in Control and 19 in FC_GDF15 group (13 male, 6 female). Day 4: N=10 (5 male, 5 female) in 461 
Control and 11 in FC_GDF15 group (5 male, 6 female) – as one cohort of mice were sacrificed at 9am on Day 4. 462 
Hypothesis testing was conducted using a mixed-effects model. Post-hoc testing comparing Control and 463 
FC_GDF15 treated groups was undertaken with the Sidak test to correct for multiple testing. A: 464 
**P=0.002,*P=0.04, ns = non-significant, P>0.05, B:*P=0.02. All reported P-values are two-sided. 465 
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 Methods  469 

Cambridge Baby Growth Study 470 

The CBGS is a prospective, longitudinal cohort study originally recruiting 2,229 pregnant women from 471 
the Rosie Maternity Hospital, Cambridge between April 2001 and March 2009 [9]. This analysis was 472 
performed using a nested case-control format from those women who returned filled-in pregnancy 473 
questionnaires, including questions about nausea and vomiting in pregnancy, and who provided a 474 
blood sample between 12 and 18 weeks of pregnancy. The cases were women who reported vomiting 475 
in pregnancy, and the controls were women who reported neither nausea nor vomiting in pregnancy. 476 
The samples for GDF15 measurement were chosen according to availability. The statistical analysis 477 
was performed using linear regression (and natural log-transformed GDF15 concentrations so that the 478 
residuals were normally distributed), either unadjusted or adjusted for potential confounders such as 479 
gestational age at sampling and body mass index. Ethical approval for the Cambridge Baby Growth 480 
Study was granted by the Cambridge Local Research Ethics Committee, Cambridge University 481 
Hospitals NHS Foundation Trust, Cambridge, U.K. (00/325). Written informed consent was obtained 482 
from all the study participants. 483 

HG Study 484 

The HG Study is a case-control study of women recruited from the Rosie Maternity Hospital, 485 
Cambridge and North West Anglia (NWA) NHS Foundation Trust at Peterborough City Hospital, 486 
between 2018 and 2021. The 72 cases were pregnant women admitted to hospital for rehydration 487 
due to hyperemesis gravidarum. The 182 controls were pregnant women admitted to hospital in the 488 
same pregnancy timeframe as the cases, but for other reasons (e.g. termination of pregnancy or 489 
uterine bleeding). Blood samples were collected around week 9 of pregnancy, and a nausea/vomiting 490 
score was calculated by asking the women for their current and worst nausea and vomiting ratings 491 
out of ten. The samples for GDF15 measurement were chosen to maximise the difference in the 492 
nausea/vomiting scores. The statistical analysis was performed using linear regression (and natural 493 
log-transformed GDF15 concentrations so that the residuals were normally distributed), either 494 
unadjusted or adjusted for potential confounders such as gestational age at sampling. Ethical approval 495 
was granted by the National Research Ethics Service Committee - East of England, Norfolk, U.K. 496 
(14/EE/1247). All procedures followed were in accordance with both institutional and international 497 
guidelines. Written informed consent was obtained from all women. 498 

C211G carriers and Controls in the CROATIA-Korcula Study 499 

The CROATIA-Korcula study sampled 2926 Croatians from the Adriatic island of Korcula, between the 500 
ages of 18 and 98. The fieldwork was performed from 2007-2014. Ethical approval was given for 501 
recruitment of all participants by ethics committees in both Scotland and Croatia. All volunteers gave 502 
informed consent before participation. Carriers of GDF15 C211G variant with available serum samples 503 
were identified from the exome-sequence of samples from the CROATIA-Korcula study and were 504 
paired with age- and sex-matched controls from the same cohort.  505 

Common genetic variation, circulating GDF15 and risk of hyperemesis gravidarum 506 

23andMe HG GWAS data 507 

We obtained 23andMe, Inc (23andMe) GWAS summary statistics of HG from ref [12]. Briefly, 23andMe 508 
GWAS research participants provided answers to morning sickness-related questions. All research 509 
participants provided informed consent and volunteered to participate in the research online, under 510 



 

   
 

 
   
 

a protocol approved by the external AAHRPP-accredited IRB, Ethical & Independent (E&I) Review 511 
Services. As of 2022, E&I Review Services is part of Salus IRB 512 
(https://www.versiticlinicaltrials.org/salusirb). HG status was defined as 1306 research participants 513 
who reported via an online survey that they received IV therapy for NVP and 15,756 participants who 514 
reported no NVP served as controls. For additional details refer to ref [9].  515 

GDF15 pQTL data and quality control 516 

Generation Scotland is a family- and population-based study consisting of 23,690 participants 517 
recruited via general medical practices across Scotland between 2006 and 2011. The recruitment 518 
protocol and sample characteristics are described in detail elsewhere [33, 34]. Ethical approval for the 519 
Generation Scotland study was obtained from the Tayside Committee on Medical Research Ethics (on 520 
behalf of the National Health Service). 521 

The GWAS analysis used BOLT-LMM in order to adjust for population structure and relatedness 522 
between individuals [35] in a linear mixed model analysis of Generation Scotland participants with 523 
available GDF15 data and Haplotype Reference Consortium reference panel release 1.1 [36, 37] 524 
imputed genotype information (18184 individuals). Age, sex and first 20PCs were included as 525 
covariates. Serum GDF15 concentrations were subject to rank-based inverse normal transformation 526 
prior to analysis. Associations were considered significant when P ≤ 5 × 10−8. Full details of quality 527 
control and preparation of the imputed genotype data are available [37].  528 

Conditional GWAS analyses 529 

To assess the extent to which signals beyond lead (or focal) SNPs contribute to either HG risk (or GDF15 530 
levels), we performed conditional analyses using GWAS summary data and estimates of LD derived 531 
from the regression of summary statistics model (i.e. RSS) [38]. Briefly, given estimated effect-sizes 532 ߚ 
(e.g., log-odds or linear effects) at ݉ non-leading SNPs, corresponding ݉ standard errors ݏ, ݉ × ݉ LD 533 
matrix ܸ, and ݉ × 1 vector ݒ of LD estimates with the lead SNP, we can compute residual effect-sizes 534 ߚ∗ as,  535 ݖ | ∗ߚ ~ ܰሺߚ − ,ݖݒܵ ܵ(ܸ −  ሻܵ) 536்ݒݒ

where ܵ = ݉ is the (ݏ)݃ܽ݅݀ × ݉ diagonal matrix of standard errors, ݖ =  is the association 537 (ܾ)݁ݏ/ܾ
statistic at the lead (or focal) SNP, and ܰ(⋅,⋅) corresponds to the multivariate normal distribution. The 538 
conditional estimates correspond to the mean of the above distribution and standard error 539 
proportional to the diagonal of the covariance.  540 

To compute conditional effect-size estimates for circulating GDF15 levels and separately for HG risk, 541 
we used the above model focusing on m=310 harmonized variants and LD estimates from WGS data 542 
in European-ancestry individuals in the UK Biobank cohort (see below). 543 

Mendelian randomization analyses 544 

To perform Mendelian Randomization between circulating GDF15 levels with HG risk, we harmonized 545 
Roche-based GDF15 pQTL, GWAS, and LD reference panels to obtain valid estimates. First, we 546 
restricted analysis to variants associated with GDF15 levels at a genome-wide significant threshold 547 
(p<5e-8) ±500Kb around the transcription start site. Next, we harmonized GDF15 pQTL significant 548 
results with 23andMe HG GWAS association statistics to match for consistent reference and 549 
alternative alleles, which resulted in m=311 variants. We excluded any variants whose reference and 550 
alternative alleles may be ambiguous (e.g., G/C, A/T), except for previously referenced risk alleles (e.g., 551 



 

   
 

 
   
 

rs1058587). To account for linkage between GDF15-associated variants, we estimated LD using WGS 552 
data from European-ancestry individuals in the UK Biobank (UKBB) cohort (n=138355) as well as WGS 553 
data from European-ancestry individuals in the 1000G study (n=489). To derive LD estimates in UKBB 554 
the publicly available whole-genome sequencing (WGS) data from European participants in UKBB (n = 555 
138335) was used for the determination of linkage disequilibrium at the GDF15 locus.  5259 WGS 556 
variants were extracted ±500KB from chr19:18388612:C:G (GRCh38)  and Pearson's R 557 
was determined using PLINK v1.90b6.26/Swiss Army knife App via the UKB Research Access Platform, 558 
with the following parameters '--ld-window-r2 0 --ld-window 10000 --keep-allele-order --snp 559 
chr19:18388612:C:G --window 1000’. All work using the UKBB resource was conducted using 560 
application numbers: 9905 and 32974. 561 

Harmonizing our association data with LD estimates resulted in m=259 variants for UK Biobank data 562 
and m=310 variants when using 1000G data. Lastly, we performed Kriging analysis using the R package 563 
susieR (https://cran.r-project.org/web/packages/susieR/) to ensure no variants were mislabelled 564 
between reference LD and association study results. Finally, to perform Mendelian Randomization, 565 
we used the R package MendelianRandomization (https://cran.r-566 
project.org/web/packages/MendelianRandomization/index.html). Briefly, the Mendelian 567 
Randomization approach models a relationship between inferred effect-sizes between exposure 568 
(circulating GDF15 levels) and outcome (HG risk). Specifically, 569 ߚመ௛௚ ∼ ,ߙመீ஽ிଵହߚ ܸ)ܰ ܸܵܵ) 570 

where ߚመ௛௚ refers to estimated log-odds from HG GWAS, ߚመீ஽ிଵହ are estimated effect sizes of 571 
circulating GDF15 levels, ߙ is the putative causal effect, ܵ is the diagonal matrix of HG standard-572 
errors, and ܸ is the LD matrix. We perform inference of ߙ using instruments (i.e. GDF15 variants) 573 
selected through genome-wide significance (i.e. P < 5e-8), as well as variants found in susieR credible 574 
sets (i.e. set of variants with cumulative posterior probability to explain GDF15 associations > 0.95, 575 
rs11881403, rs888663, rs16982345, rs1227734). 576 

Colocalization analyses 577 

To perform colocalization analysis between genetic variants underlying circulating GDF15 levels and 578 
HG risk, we performed the same harmonization strategy as the LD-aware Mendelian Randomization 579 
analysis in Roche-based GDF15 pQTL data and 23andMe GWAS results. However, rather than limit 580 
analyses to variants with genome-wide significance for pQTL effects, we selected all variants 581 
represented in LD estimated from UK Biobank WGS data, which resulted in m=2,297 variants. We 582 
performed multi-causal SNP colocalization using the R package coloc (https://cran.r-583 
project.org/web/packages/coloc/index.html), which tests for colocalization across SNPs identified 584 
within credible sets, to better reflect linkage patterns. 585 

 586 

Prevalence of nausea and vomiting in pregnancy in thalassaemia 587 

We conducted a survey to compare the prevalence of NVP among women with beta thalassaemia and 588 
ethnically- and age-matched non-thalassaemia healthy women at the Colombo North Teaching 589 
Hospital, Ragama, Sri Lanka from 01 June to 31 August 2022. All female patients with beta-590 
thalassaemia with at least a single child attending for regular blood transfusions and thalassaemia 591 
follow-up during the study period were recruited. An equal number of ethnically- and age-matched 592 
non-thalassaemia healthy females with at least a single child attending the general paediatric clinic of 593 



 

   
 

 
   
 

the same hospital with their children during the study period were recruited as controls. Specifically, 594 
we recruited the eligible ethnically- and age-matched non-thalassaemia control attending the clinic 595 
on the same day immediately after recruiting a beta thalassaemia patient. Informed written consent 596 
was obtained from all study participants before recruitment. Data on nausea, vomiting and loss of 597 
appetite during pregnancy were gathered using an interviewer-administered questionnaire (see 598 
Supplemental material). The prevalence of nausea, vomiting and loss of appetite during pregnancy of 599 
beta-thalassaemia patients and non-thalassaemia women were compared using logistic regression 600 
after adjusting for parity, number of children and time since index pregnancy. The study was approved 601 
by the Ethics Review Committee of University of Kelaniya, Sri Lanka (Ref: P/228/11/2019). 602 

Maternal NVP levels and offspring genotype  603 

Carriers of rs372120002 (C211G) were identified in a previous whole-exome sequencing study of 604 
Hyperemesis Gravidarum [13].  Eleven carriers of rs372120002 (C211G) and their children were invited 605 
to participate in the offspring study, among which 6 carrier mothers and 17 children agreed to 606 
participate. Participating mothers filled out a survey on NVP/HG during each of their pregnancies 607 
which included whether they had HG, were treated with antiemetic medication(s) and intravenous 608 
fluids, had an emergency room visit and/or hospitalization for HG, and when their symptoms resolved. 609 
Cheek swab samples were collected from children using DNA Genotek cheek swab kits (OCD-100, OC-610 
175, Oragene, Ottawa, Canada), and DNA was extracted according to the manufacturer’s 611 
recommendations. PCR of rs372120002 was performed using standard methods with forward primer 612 
CAGCTCAGCCTTGCAAGAC and reverse primer GGATTGTAGCTGGCGGGC, annealing temperature at 60 613 
°C, and the PCR product was sequenced by Azenta, Life Sciences (Chelmsford, MA). Genotypes were 614 
called using 4Peaks app to view DNA trace files. The study was approved by the USC Institutional 615 
Review Board. 616 

GDF15 immunoassays 617 

Total GDF15 levels in the CBGS cohort were measured using a 3-step plate ELISA (Ansh AL-1014-r) 618 
which was validated to be able to recognise H and D containing variants at position 202 (position 6 of 619 
the mature peptide) of GDF15 with comparable affinity (Supplementary Table 1). The calibrators, kit 620 
controls, in-house sample pool controls (diluted 1:15 in Sample Diluent) and samples (diluted 1:15 in 621 
Sample Diluent) were added to the antibody coated microtiter plate and incubated. Following a wash 622 
step the biotinylated detector antibody was added and incubated. Following a second wash step 623 
streptavidin horse radish peroxidase conjugate solution was added and incubated. Following a third 624 
wash step substrate solution (TMB) was added and incubated followed by an acidic stop solution. The 625 
measured absorbance at 450nm corrected at 630nm is directly proportional to the GDF15 626 
concentration. The calibrator supplied with the kit by Ansh Labs is traceable to recombinant human 627 
GDF-15 from R&D Systems (Biotechne, USA). Ansh Lab ELISA Total GDF15 between batch imprecision 628 
kit controls 7.7% at 173.2 pg/ml, 5.1% at 480.0 pg/ml and in-house sample pool controls 4.9% at 629 
397.5pg/ml, 3.7% at 1022.5 pg/ml 630 

GDF15 measurements in both the HG vs control study and in Generation Scotland were measured on 631 
a Cobas e411 analyser (Roche Diagnostics, Basel, Switzerland) using the manufacturer’s reagents and 632 
quality control material. Coefficient of variation for GDF15 was 3.8% for the low control (at 1,556 633 
pg/mL) and 3.4% for the high control (at 7,804 pg/mL). The limit of detection (LoD) of the GDF15 assay 634 
is set to 400 pg/mL by the manufacturer, and the upper limit of the measuring range was 20,000 635 
pg/mL.  As previously reported [16] for the Generation Scotland study, for continuous analysis, 636 
samples below the limit of detection were reported as 200 pg/mL and samples above the measuring 637 



 

   
 

 
   
 

range as 25,000 pg/mL. For the HG vs Control pregnancy study, samples were diluted 1 in 5 with assay 638 
buffer before measurement because of the known very high levels in pregnancy. To examine the effect 639 
of the H202D variant on GDF15 immunoreactivity we determined the recovery of synthetic peptides 640 
produced as previously described [11].  641 

Total GDF15 levels in the Croatia-Korcula study were measured using an in-house assay developed on 642 
the Meso Scale Discovery (MSD) platform using two monoclonal antibodies from Ansh Labs which 643 
have been described as being able to recognise H and D containing variants at position 202 (position 644 
6 of the mature peptide) of GDF15 with comparable affinity. The calibrators, in-house sample pool 645 
controls and samples were added to the monoclonal antibody coated MSD plate and incubated. 646 
Following a wash step the biotinylated detector monoclonal antibody diluted in MSD Diluent 100 was 647 
added and incubated. Following a second wash step Sulpho-TAG labelled Streptavidin (MSD) diluted 648 
in MSD Diluent 100 was added and incubated. Following a third wash step MSD read-buffer was added 649 
to all the wells and the plate was immediately read on the MSD s600 plate reader. Luminescence 650 
intensities for the standards were used to generate a standard curve using MSD’s Workbench software 651 
package and were directly proportional to the GDF15 concentration. The calibrator is recombinant 652 
human GDF15 from R&D Systems (Bio-Techne, USA). MSD Ansh antibody Total GDF15 between batch 653 
imprecision based on in-house sample pool controls 10.2% at 552.4 pg/ml, 11.7% at 1518.6 pg/ml, 654 
11.7% at 7036.1pg/ml. 655 

 656 

Identification of mother/fetus pairs discordant for H202D  657 

Mother-offspring pairs not fully concordant for genotype at the H202D site in GDF15 were identified 658 
by first genotyping the offspring using placental RNA sequencing data from the Pregnancy Outcome 659 
Prediction (POP) study cohort [8]. We used the GATK pipeline [39] to identify SNPs (Single Nucleotide 660 
Polymorphisms) from the RNA-Seq alignment data (i.e., BAM files). Briefly, the pipeline comprises the 661 
following steps: (1) marking duplicate reads using ‘markDuplicate’ of Picard 662 
(https://broadinstitute.github.io/picard/), (2) splitting reads that contain ‘N’s in their CIGAR string 663 
using ‘splitNRead’ of GATK (subsequent submodules from GATK hereafter), (3) realignment of reads 664 
around the indel using ‘IndelRealigner’, (4) recalibrating base quality using ‘BaseRecalibrator’, and (5) 665 
calling the variants using ‘HaplotypeCaller’. Homozygous alternative alleles and their read counts were 666 
parsed directly from the VCF files generated by the previous step, 5). As homozygous reference alleles 667 
are not called by ‘HaplotypeCaller’, we used ‘mpileup’ command of samtools and bcftools to detect 668 
the read counts from the BAM files generated by the previous step. For heterozygous SNPs, we 669 
counted reads by the reference and alternative bases using ‘ASEReadCounter’. Fetal genotype was 670 
confirmed using umbilical cord DNA and the maternal genotype determined using the TaqMan™ SNP 671 
Genotyping Assay to rs1058587 (Applied Biosystems) according to the manufacturer’s instructions.  672 

 673 

Mass spectrometry studies  674 

Anti-human GDF15 capture antibody (R&D systems, catalogue number: DY957, part number: 841832) 675 
was coupled to tosyl-activated M-280 paramagnetic dynabeads (ThermoFisher Scientific) using the 676 
standard supplied protocol. Plasma from each individual (50 µL) was diluted with 150 µL of Buffer E 677 
and 5 µL of magnetic beads at 20 mg/mL was added. Samples were mixed at 850 rpm for 1 hour at 678 
room temperature on a 96 well MixMate plate mixer (Eppendorf). The beads were concentrated using 679 
a magnet and the supernatants removed. The beads were washed twice in 200 µL of buffer E. A final 680 



 

   
 

 
   
 

wash with 200 µL of 50 mM ammonium bicarbonate was performed and the supernatant removed. 681 
Disulphide bonds were reduced with 75 µL of 10mM DTT in 50 mM ammonium bicarbonate over a 60-682 
minute incubation at 60°C, before alkylation with 20 µL of 100 mM iodoacetamide in 50 mM 683 
ammonium bicarbonate in the dark for 30 minutes at room temperature. To digest the polypeptide 684 
10 µL of Glu C enzyme (Worthington) at 100 µg/mL was added and the samples digested overnight at 685 
37 °C. The digestion was stopped by the addition of 20 µL of 1% formic acid in water. 686 

The plasma samples collected from mothers with homozygous fetuses were analysed on a 687 
ThermoFisher Q-Exactive Plus Orbitrap using nanoflow analysis with an Ultimate 3000 LC system. 688 
Peptides monitored were ARNGDHCPLGPGRCCRLHTVRASLE and ARNGDDCPLGPGRCCRLHTVRASLE 689 
corresponding to the H-peptide and D-peptide (mutant) respectively. Additionally, a GluC derived 690 
peptide was monitored from the murine anti-human GDF15 antibody as a surrogate internal standard 691 
with which to generate a peak area ratio for comparing relative peptide levels. This peptide was 692 
FKCKVNNKDLPSPIE from the heavy chain. A parallel reaction monitoring method was developed for 693 
the GDF15 peptides targeting the [M+5H]5+ ion, which corresponded to 579.08 and 574.67 m/z for the 694 
H and D peptide respectively. The Product ions corresponding to the same y18 ion for each peptide 695 
(693.6950, 694.0285 and 694.3614 m/z) were summed for quantitative analysis in the Quan Browser 696 
program (ThermoFisher). The plasma samples from mothers with heterozygous fetuses were analysed 697 
on an M-Class LC system (Waters), linked to a Xevo TQ-XS triple quadrupole mass spectrometer 698 
(Waters) with an IonKey interface. SRM transitions used for these peptides were 579.24/693.89 and 699 
579.24/747.25 for the H peptide, 574.82/693.89 and 574.82/623.73 (the first SRM transition for each 700 
peptide was used as the quantifier transition) as well as 545.27/682.34 and 545.27/926.37 which 701 
targeted the peptide ATHKTSTSPIVKSFNRNEC from the C-terminus of the murine antibody kappa light 702 
chain. In both experiments, peptides from the GDF15 protein were expressed as peak area ratios 703 
relative to the murine antibody peptide.  704 

 705 

Estimating total and maternal derived GDF15 by mass spectrometry 706 

The relative abundance of total GDF15 was determined using the sum of H and D peptide. In studies 707 
of homozygote fetuses and heterozygous mothers (at position H202D), the proportion of fetal derived 708 
peptide in the maternal circulation was determined by calculating the proportion of discordant 709 
maternal peptide (discordant maternal peptide/total GDF15) and multiplying this by 2 (to account for 710 
the fact that the discordant peptide represents only half of all GDF15 made by the mother).  711 

For pregnancies where the fetus was heterozygous, and the mother was homozygous for the 712 
reference allele (HH) at position H202D the proportion of the discordant fetal peptide was calculated 713 
by dividing this by total GDF15 and multiplying this by 2. Noticing that this produced nonsensical fetal 714 
proportions of GDF15 (e.g. in excess of 100%) in almost all samples tested, we calculated the average 715 
proportion of D-peptide in each pregnancy and used a one sample t-test to determine if the D-peptide 716 
constituted greater than 50% of total GDF15.  717 

Linear mixed models with random intercepts implemented in the LmerTest package (https://cran.r-718 
project.org/web/packages/lmerTest/index.html) were used to characterise the effect of gestational 719 
age on relative abundance of natural log transformed total circulating GDF15 measured by mass 720 
spectrometry. 721 

Functional studies of C211G  722 



 

   
 

 
   
 

Plasmid construction 723 

The expression vector for C-terminally Flag-tagged full-length human GDF15 was obtained from 724 
Genscript. The C211G mutant was generated by site-directed mutagenesis of the wild-type vector 725 
using the QuikChange II protocol (Agilent). To generate the Myc-tagged versions, the sequences 726 
corresponding to Flag tags were replaced by those encoding for Myc tags using the In-Fusion PCR 727 
cloning system (Takara) according to the kit’s guidelines. All plasmid sequences were confirmed by 728 
direct nucleotide sequencing.  729 

Cell culture and transfection 730 

Human embryonic kidney (HEK) 293T cells were obtained from ECACC/PHE and maintained in DMEM 731 
(Gibco) supplemented with 10% fetal bovine serum (Hyclone), 1% penicillin-streptomycin and 2 mM 732 
L-glutamine (Invitrogen), in a 5% CO2/95% O2 atmosphere incubator at 37 �.  All cell lines were 733 
routinely tested as negative for mycoplasma contaminations using VenorGem Classic Mycoplasma 734 
Testing PCR Kit (Minerva Biolabs). 735 

Cells were transiently transfected using Lipofectamine 3000 (Invitrogen) in 12-well plates with a total 736 
of 1000 ng DNA, as directed by the manufacturer.  737 

Immunoblotting and co-immunoprecipitation 738 

72-hour post-transfection, conditioned media samples were harvested, centrifuged, and proteins 739 
denatured under reducing conditions at 70 �. For immunoblotting of intracellular proteins, cells were 740 
washed twice with cold PBS and lysed in M-Per Mammalian Protein Extraction Reagent (Thermo 741 
Scientific) supplemented with protease inhibitors. Whole cell extracts were sonicated and cleared by 742 
centrifugation and protein concentration estimated using the Bio-Rad DC protein assay kit (Bio-Rad 743 
Laboratories).  744 

For co-immunoprecipitation experiments, Flag-tagged proteins were immunoprecipitated with anti-745 
Flag magnetic agarose (Pierce Anti-DYKDDDDK Magnetic Agarose, ThermoFisher), according to the 746 
manufacturer’s protocol. Elution of bound proteins was performed with reducing SDS-PAGE sample 747 
buffer. Proteins were resolved by SDS-PAGE in NuPAGE Novex 4-12% Bis-Tris gels and transferred onto 748 
nitrocellulose membranes using the iBlot system (Invitrogen). Membranes were then blocked in 50 749 
mM Tris-HCl, pH 7.6, 150 mM NaCl, 0.1% Tween-20 and 5% non-fat milk for 1 hour at room 750 
temperature and probed for 18 hours at 4 � with antibodies specific for Flag tag (Sigma-Aldrich Cat# 751 
F1804, 1:500 dilution), Myc tag (9E10, sc-40, Santa Cruz Biotechnology, 1:1000 dilution), or calnexin 752 
(Cell Signaling Technology Cat# 2679, 1:1000 dilution).  Chemiluminescence imaging was conducted 753 
using BioRad ChemidDoc XRS+ or MP Imaging systems with Image Lab or Image Lab Touch 3.0.1 754 
software packages, respectively. 755 

 756 

Mouse Studies 757 

In Cambridge, all mouse studies were performed in accordance with UK Home Office Legislation 758 
regulated under the Animals (Scientific Procedures) Act 1986 Amendment Regulations 2012 following 759 
ethical review by the University of Cambridge Animal Welfare and Ethical Review Body (AWERB).   760 

Adult wild-type C57BL/6J male or female mice were purchased from Charles River (Charles River Ltd, 761 
Manston Rd, Margate, Kent, CT9 4LT) and kept under controlled light (12 h light:dark cycle (6:00 762 



 

   
 

 
   
 

h:18:00 h), temperature (22 ± 1 °C) and humidity conditions (45-65%) in individually ventilated cages 763 
with ad libitum access to food (RM3(E) Expanded Chow (Special Diets Services)) and water. 764 

On the day of the experiment mice were divided into two weight- and sex-matched groups, single-765 
housed and injected subcutaneously (s.c.) with either vehicle control (PBS) or GDF15 long-acting 766 
protein (FC-GDF15) provided by Pfizer Inc. under a material transfer agreement [18] at the dose of 767 
0.01mg/kg (N=17, 12 male, 5 female, in Control and 19 in FC_GDF15 group, 13 male, 6 female). Food 768 
intake and body weight were measured daily. On the 4th day, human recombinant GDF15 (hrGDF15, 769 
Cat# Qk017, Qkine) was administered via s.c. injection as a single dose in the afternoon (17:00). In all 770 
mice food intake and body weight were measured 16 hours after injection of hrGDF15.  One cohort of 771 
mice (n=7-8 males per group) were sacrificed at 09:00 the morning after the hrGDF15 injection, while 772 
the remainder went on to have food intake and body weight measured at 17:00. Human GDF15 was 773 
measured using the human GDF15 ELISA (Cat#DY957, R&D Systems, BioTechne). In the mouse study - 774 
one female animal assigned to the control group (vehicle) was excluded due to failed subcutaneous 775 
injection with human recombinant GDF15. In addition, a food intake data point of another female 776 
vehicle control mouse (overnight food intake the day before treatment with human recombinant 777 
GDF15) was excluded from the analysis due to a transcription error during data collection. 778 

For the second mouse experiment, C57BL/6N-Gdf15tm1a(KOMP)Wtsi/H mice (Gdf15-/- mice) were 779 
bred in house from a line originally obtained from the MRC Harwell Institute. Cohorts of Gdf15-/-mice 780 
and wild-type littermates on a C57BL6/N background were obtained from het x het breeding pairs. At 781 
least 3 days before the start of the experiment male and female animals aged-matched for genotype 782 
were single housed and food intake and body weight monitored. On day 1 of the experiment, all mice 783 
received a control injection s.c. at 18:00 and body weight and food intake were measured at 24 hours 784 
later (day 2). At 18:00 of day 2, all mice received an injection of human recombinant GDF15 (Cat# 785 
Qk017, Qkine) at a dose of 0.01mg/kg s.c., food intake and body weight were measured again at 18:00 786 
the day after.  In the GDF15-KO mouse study - one male homozygous food intake data point was 787 
excluded due to a transcription error during data collection and one female homozygous food intake 788 
data point was unavailable due to food-handling error (inadvertent disposal of food before weight 789 
measurement) during data collection. 790 

Hypothesis testing was conducted using repeated measures Two-way ANOVA or mixed effect models, 791 
with post-hoc Sidak’s test with the Geisser-Greenhouse correction (where appropriate) implemented 792 
in Prism (Graphpad). 793 

Statistical analyses 794 

Statistical analyses, including software employed, are described in the relevant sections of the text 795 
above. 796 
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