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Human genetic and transgenic mouse studies have
highlighted a potential liver-adipose tissue endocrine
axis, involving activin C (Act-C) and/or Act-E and ALK7,
influencing fat distribution and systemic metabolism.
We investigated the bidirectional effects between circulat-
ing INHBC, which homodimerizes into Act-C, and adiposity
traits, insulin resistance, inflammation, and cardiometabolic
disease risk. Additionally, we examinedwhether Act-C is an
ALK7 ligand in human adipocytes. We used Mendelian ran-
domization and in vitro studies in immortalized human ab-
dominal and gluteal adipocytes. Circulating INHBC was
causally linked to reduced lower-body fat, dyslipidemia,
and increased risks of coronary artery disease (CAD) and
nonalcoholic fatty liver disease (NAFLD). Conversely,
upper-body fat distribution, obesity, hypertriglyceridemia,
subclinical inflammation, and type 2 diabetes positively im-
pacted plasma INHBC levels. Mechanistically, an athero-
genic lipid profile may partly explain the INHBC-CAD link,
while inflammation and hypertriglyceridemia may partly
explain how adiposity traits affect circulating INHBC.
Phenome-wide Mendelian randomization showed weak
causal relationships between higher plasma INHBC and
impaired kidney function and higher gout risk. In human
adipocytes, recombinant Act-C activated SMAD2/3 sig-
naling via ALK7 and suppressed lipolysis. In summary,
INHBC influences systemic metabolism by activating
ALK7 in adipose tissue and may serve as a drug target
for atherogenic dyslipidemia, CAD, and NAFLD.

Subcutaneous white adipose tissue (WAT) possesses a unique
ability to safely store surplus calories as triglycerides (TAG).
Reduced subcutaneous WAT storage capacity, often seen in
obesity or upper-body fat distribution, can lead to ectopic
lipid buildup in muscle and liver, causing lipotoxicity. This
triggers insulin resistance, systemic inflammation, and an in-
creased risk of type 2 diabetes, coronary artery disease (CAD),
and nonalcoholic fatty liver disease (NAFLD) (1,2).

ARTICLE HIGHLIGHTS

• We explored the bidirectional relationships between cir-
culating INHBC and cardiometabolic traits and diseases,
and investigated whether activin C, an INHBC homo-
dimer, acts as an ALK7 ligand in human adipocytes.

• Elevated circulating INHBC was linked to dyslipide-
mia, increased coronary artery disease, and nonalco-
holic fatty liver disease risk. Conversely, upper-body
obesity, hypertriglyceridemia, inflammation, and dia-
betes increased circulating INHBC, potentially creat-
ing a vicious cycle. Activin C activated ALK7 signaling
in adipocytes and suppressed lipolysis.

• INHBC is a novel hepatokine influencing systemic me-
tabolism and a potential drug target for cardiometa-
bolic diseases.
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The cellular and molecular mechanisms regulating subcu-
taneousWAT fat storage capacity are poorly understood. Dis-
covering genetic variants that influence WAT lipid storage
potential and protect against disease can uncover new dis-
ease mechanisms and treatment targets. For example, the
discovery of loss-of-function (LoF) PCSK9 variants linked
with lower LDL-cholesterol and protection from CAD led to
novel CAD therapies (3–5).

The transforming growth factor b (TGFb) superfamily
is crucial for WAT development, function, and metabolic
homeostasis (6–9). Activin receptor-like kinase 7 (ALK7),
encoded by ACVR1C, is one of seven type I TGFb superfam-
ily receptors. In humans, ACVR1C is most highly expressed
in WAT (https://www.gtexportal.org) and ACVR1C LoF
variants are associated with lower BMI-adjusted waist-to-
hip ratio (WHRadjBMI), a surrogate of visceral versus glu-
teofemoral adiposity, and protection from type 2 diabetes
(10–13). Pharmacologic inhibition of ALK7 signaling also
seems tractable, since �1.3% of subjects with European
ancestry carry ACVR1C LoF variants (10). Additionally,
phenome-wide association studies (PheWAS) (12,13) and
gene burden tests (https://app.genebass.org/) have not
identified any adverse on-target effects associated with
ALK7 inhibition.

ALK7 is activated by a subset of TGFb superfamily li-
gands, including activins—homodimers of b-subunits en-
coded by INHBA, INHBB, INHBC, and INHBE. Among them,
activin B (Act-B) and activin C (Act-C) have been shown to
activate ALK7 signaling, but the role of activin E (Act-E) re-
mains unclear (14,15). Activin binding to ALK7 triggers
SMAD2/3 phosphorylation, leading to nuclear translocation
and regulation of target gene expression. INHBB expression
is also highest inWAT (https://www.gtexportal.org), suggest-
ing that local Act-B activates ALK7 in this tissue. In contrast,
INHBC expression is liver-specific. However, the inhibin b C
chain (INHBC) circulates in human blood (16–18) and
plasma, INHBC levels were shown to be predictive of visceral
fat mass (18), and to positively associate with insulin resis-
tance (17), as well as prevalent and incident type 2 diabetes
(16,17). INHBC is closely related to INHBE, with 64% amino
acid homology (19). INHBE is also selectively expressed in
hepatocytes and homodimerizes into the orphan ligand
Act-E. Rare INHBE LoF mutations, like those in ACVR1C, are
associated with lower WHRadjBMI, lower circulating INHBC
levels, and reduced type 2 diabetes and CAD risk (12,13).
Global Inhbe knockout mice also mirrored the adipose and
metabolic phenotypes of global Acvr1c knockout mice (20),
strongly suggesting that Act-E activates ALK7. Collectively,
these data highlight the existence of a potential liver-WAT
endocrine axis, governed by Act-C and/or Act-E and ALK7,
which regulates fat distribution and systemic metabolism,
and appears druggable.

Here, we explored the bidirectional effects between circu-
lating INHBC and adiposity traits, insulin resistance, sys-
temic inflammation, and cardiometabolic disease risk using
publicly available genome-wide association study (GWAS)

data, several Mendelian randomization (MR) (21,22) ap-
proaches (cis-instrument MR [23], polygenic univariable
and multivariable MR [MVMR] [24]), and colocalization
(25). We hypothesized that liver-derived Act-C promotes up-
per-body fat distribution, impaired glucose and lipid metab-
olism, and chronic inflammation via cross talk with ALK7 in
WAT.

RESEARCH DESIGN AND METHODS

A study overview is presented in Supplementary Fig. 1.

MR
With analogies to randomized controlled trials (Supplementary
Fig. 2), we used a drug-target MR framework (Supplementary
Fig. 3) to evaluate the cardiometabolic impact of INHBC. As
instrumental variables (IVs) for circulating INHBC, we used
genome-wide significant (P< 5E-8) single nucleotide poly-
morphisms (SNPs) within 100 kb of the INHBC locus
(clumped at linkage disequilibrium [LD] r2 < 0.2, genetic
distance = 250 kb; 1000 Genomes European reference
panel), from a GWAS of plasma INHBC levels measured in
35,559 Icelanders (26). As outcome data, we used the largest
publicly available European ancestry GWAS summary statis-
tics for cardiometabolic traits, as well as C-reactive protein
(CRP) (a marker of subclinical inflammation), type 2 diabe-
tes, NAFLD, and CAD (Supplementary Tables 1 and 2). To
replicate primary findings, we performed additional cis-MRs
using fine-mapped IVs identified using Finemap in the Poly-
Fun package (27), as well as cis-protein quantitative trait lo-
cus (pQTL) variants extracted from a GWAS of the plasma
proteome conducted in the UK Biobank (UKB) (28). To ex-
amine reverse causality, we conducted MR studies using ex-
posure instruments extracted from the aforementioned
studies (P< 5E-8, LD r2 < 0.001, genetic distance = 10 Mb;
1000 Genomes European reference panel), and, as outcome
data, GWAS summary statistics for circulating INHBC
(26,28).

We used inverse variance weighted (IVW) MR, with MR-
Egger regression, MR-Maxlik, and Weighted-Median as
sensitivity analyses. For cis-instrument MR analyses, we
included a correlation matrix to account for SNP-SNP cor-
relations (29,30). We further conducted MR analyses after
excluding variants with larger effects on outcome than the
exposure trait (Steiger filtering) (31), as these IVs need not
be causal. Where there was evidence of pleiotropy, MR-
PRESSO (Mendelian randomization pleiotropy residual
sum and outlier) was performed. Results were corrected for
multiple comparisons (P < 0.01 [0.05/5] based on assess-
ments investigating INHBC and four classes of cardiometa-
bolic traits and subclinical inflammation). For MRs
investigating associations between INHBC and the three
disease traits, P < 0.05 was selected. An IVW P value sur-
passing multiple testing correction, coupled with direction-
ally consistent associations in all three sensitivity analyses,
was considered sufficient evidence to claim a causal effect.
For the analysis assessing CRP on INHBC levels, we also
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examined the impact of cis-CRP and trans-CRP (removing
cis-CRP SNPs) instruments on INHBC.

MVMR analyses were undertaken only if there was evi-
dence for causal effect in the primary MR analyses. All MR
and MVMR analyses were conducted using TwoSampleMR
(v0.5.7) (32) and MendelianRandomization (v.0.8.0) (29)
in R (v4.3.1).

Colocalization
For cis-MR results surpassing multiple comparisons correc-
tion, we performed colocalization under the single causal
variant assumption, using coloc version 5.0.0 (33) to assess
whether INHBC shares one or more causal variants with
the outcome. We used cis-SNPs (6500 kb) around the
INHBC locus and considered a posterior probability of
>0.7 as evidence that INHBC and the outcome share a
causal variant in the INHBC locus.

Phenome-Wide MR
We performed a phenome-wide MR study of 367 diseases
and biomarkers (Supplementary Table 3). The outcomes
were included if they were performed in cohorts of Euro-
pean ancestry, had $1,000 participants, and included at
least 100 cases if they were binary variables, and had sum-
mary statistics (i.e., b, SEs, effect alleles) for 100,000
SNPs. We performed cis-instrument MR as above and used
a Bonferroni corrected P value threshold of 1.36E-4 (0.05/
367 outcomes).

Cell Lines
MBdfat5 dedifferentiated fat (DFAT) cell lines (Supplementary
Fig. 4) were generated from immortalized human stromo-
vascular cells from a female donor and were cultured, differ-
entiated, and induced to undergo lipolysis as described in
Supplementary Methods (34).

We generated the SMAD2/3-luc2-hygro lentiviral reporter
construct by cloning the (CAGA)9-MLP sequence (AGCCA-
GACAAAAAGCCAGACATTTAGCCAGACACTCGAGAGCCA-
GACAAAAAGCCAGACATTTAGCCAGACACTCGAGAGCCA-
GACAAAAAGCCAGACATTTAGCCAGACACTCGAGGATAT-
CAAGATCTGGGCTATAAAAGGGGGTGGGGGCGCGTTCGTC-
CTCACTCTCTTCCA) upstream of the luc2 reporter (Vector-
builder), and the doxycycline-inducible ACVR1C lentivector
(pCW-puro-ACVR1C) by cloning the full-length ACVR1C
open reading frame (NM_145259.3) upstream of an EGFP
cassette into the pCW-puro vector (gift from the Broad In-
stitute). Lentiviral particles were packaged in HEK293 cells
(CRL-1573; ATCC) using the ViraPower lentiviral packag-
ing mix (#44–2050; Thermofisher Scientific). We gener-
ated DFAT[SMAD2/3-luc2] cell lines by SMAD2/3-luc2-
hygro lentiviral transduction and selection in 20 mg/mL
hygromycin, and cell lines carrying both SMAD2/3-luc2-
hygro and pCW-puro-ACVR1C (DFAT[SMAD2/3-luc2/pCW-
ACVR1C]) by transducing DFAT[SMAD2/3-luc2] cells with
pCW-puro-ACVR1C lenti-particles and selection with 2 mg/mL
puromycin.

Luciferase Assays
DFAT[SMAD2/3-luc2] cells were differentiated in 96-well
plates for 12 days, then treated with recombinant human
(rh) Act-C (rhAct-C) (1629-AC-010), rhAct-B (659-AB-005;
R&D Systems), or vehicle, for �24 h. DFAT[SMAD2/
3-luc2/pCW-ACVR1C] cells were differentiated for 10 days,
then treated with 0.02 or 0.04 mg/mL doxycycline (or
vehicle) for 24 h, and a further 24 h with rhAct-C or
rhAct-B in addition to doxycycline (or vehicle). Lucifer-
ase reporter activity was measured using the Luciferase
Assay System (Promega) on a Veritas Microplate Lumin-
ometer (Turner Biosystems).

Western Blotting
DFAT cells were differentiated for 12 days, then treated with
10 ng/mL rhAct-B (or vehicle) for 30 min or with 50 ng/mL
rhAct-C (or vehicle) for 1 h. For DFAT[SMAD2/3-luc2/pCW-
ACVR1C] cells, on day 10 of differentiation, cells were
treated for 2 days with 0.02 mg/mL doxycycline or vehicle,
then a further 1 h with 50 ng/mL rhAct-C (or vehicle). Pro-
teins were harvested for Western blotting. Antibodies used
were phospho-SMAD2(Ser465/467)/SMAD3(Ser423/425)
(D27F4) rabbit mAb and the SMAD2/3 rabbit pAb (#8828
and #5678; Cell Signaling Technology), and horseradish per-
oxidase–conjugated goat–anti-rabbit secondary antibodies
(P0447; DAKO).

Data and Resource Availability
All MR analyses were conducted using publicly available data,
with links to GWAS sources available in Supplementary
Table 1, apart from GWAS for BMI-adjusted waist circumfer-
ence and HCadjBMI. All analyses were completed with exist-
ing software packages. Data are available upon request to the
corresponding author. Resources are available upon request
to the corresponding author.

RESULTS

Bidirectional Effects Between Circulating INHBC and
Adiposity Traits, Insulin Resistance, and Subclinical
Inflammation
We investigated the impact of INHBC on fat distribution,
obesity, insulin resistance traits, and subclinical inflamma-
tion, using two-sample MR with large GWAS summary data.
In univariate IVW MR analyses, higher serum INHBC, mea-
sured with an aptamer-based method in 35,559 Icelanders,
positively impacted log TAG levels (logTAG) (b ± SE=0.016 ±
0.002, P = 7.37E-26) and had a negative effect on BMI-
adjusted hip circumference (HCadjBMI) (b ± SE = �0.027 ±
0.010, P = 0.0074) and HDL cholesterol (b ± SE = �0.019 ±
0.002, P = 1.33E-18). Positive but weak effects on fasting
glucose (b ± SE=0.006 ± 0.001, P = 1.7E-6), LDL cholesterol
(b ± SE=0.008 ± 0.002, P = 4.2E-6), and log CRP (logCRP)
(b ± SE=0.007 ± 0.002, P = 7.45E-6) were also observed.
These results were replicated using INHBC cis-pQTL data
derived from an antibody-based plasma proteomic study in
33,687 UKB participants (28). Sensitivity analyses, including
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MR-Egger and MR-Maxlik, as well as MR with fine-mapped
and Steiger-filtered IVs, confirmed these results with no evi-
dence of directional pleiotropy (Fig. 1A and Supplementary
Table 4). In summary, circulating INHBC may be causally as-
sociated with reduced lower-body fat, dyslipidemia, subclini-
cal inflammation and elevated blood glucose.

To explore whether dysregulated circulating INHBC lev-
els indicate metabolic dysfunction, we conducted reverse
univariate MR studies. These showed a negative impact of
gluteofemoral adipose tissue (GFAT) volume on plasma
INHBC levels (b ± SE =�0.081 ± 0.021, P = 1.33E-4). Con-
versely, WHRadjBMI (b ± SE=0.103 ± 0.024, P = 2.03E-5),
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Figure 1—Bidirectional MR and multivariable MR investigating the relationship of circulating INHBC (deCODE genetics, Reykjavik, Ice-
land) with fat distribution, metabolic and blood pressure traits, and systemic inflammation, in sex-combined European populations. A:
IVW estimates (with 95% CI) from primary cis-MR analyses of the effects of circulating INHBC on anthropometric, blood pressure, and
metabolic traits and systemic inflammation (from Supplementary Table 4). B: IVW estimates (with 95%CI) of the effects of anthropometric,
metabolic and blood pressure traits, and systemic inflammation on circulating INHBC (from Supplementary Table 5). C: Mediation analy-
ses: IVW estimates of effects of BMI and WHRadjBMI on circulating INHBC, adjusted for indicated mediator(s) (from Supplementary Table 6).
Red-filled symbols denote analyses yielding IVW results with (A and B) P < 0.01 (Bonferroni correction for multiple testing) and that are direc-
tionally consistent across all sensitivity analyses, and (C) P < 0.05 with adjustment for indicated mediator. D: Summary for findings of MVMR
analyses. asatadjbmi3, BMI and height-adjusted abdominal subcutaneous adipose tissue; gfatadjbmi3, BMI and height-adjusted gluteofemoral
adipose tissue; vatadjbmi3, BMI and height-adjusted visceral adipose tissue; WCadjBMI, BMI-adjusted waist circumference.
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BMI (b ± SE= 0.143 ± 0.025, P = 6.78E-9), logTAG concen-
tration (b ± SE= 0.147 ± 0.022, P = 1.54E-11), and logCRP
levels (b ± SE= 0.102 ± 0.019, P = 4.34E-8) positively af-
fected circulating INHBC. These results were replicated in
UKB, where an additional strong positive effect of fasting in-
sulin on circulating INHBC (b ± SE=0.483 ± 0.171, P =
0.0048) was identified. Sensitivity analyses and Steiger fil-
tering supported these findings (Fig. 1B and Supplementary
Table 5). While the MR-Egger intercept identified evidence
of horizontal pleiotropy for the logTAG effect on INHBC
(P = 3.39E-4), removal of pleiotropic variants using MR-
PRESSO (Mendelian randomization pleiotropy residual sum
and outlier) confirmed the IVW results (b ± SE=0.157 ±
0.022, P = 1.82E-12). MR analyses using cis and trans logCRP
instruments found that the impact of logCRP on INHBC
protein levels was not driven by SNPs within the CRP locus,
supporting that chronic inflammation rather than CRP spe-
cifically increases circulating INHBC (cis-CRP P = 0.49,
trans-CRP P = 4.95E-7) (Supplementary Table 5).

MVMR analyses revealed that the effect of BMI on circu-
lating INHBC was partially attenuated after adjustment for
logTAG and logCRP (Fig. 1C and D and Supplementary
Table 6). Approximately 26% and 23% of the BMI effect on
INHBC was mediated by increased circulating TAG and
CRP, respectively. Similarly, the effect of WHRadjBMI on
INHBC was attenuated by 35% after adjusting for logTAG.
These results were replicated in UKB (Supplementary Table 6).
In summary, reduced peripheral WAT storage capacity, obe-
sity, hypertriglyceridemia, and chronic inflammation likely
lead to higher INHBC levels, with inflammation and ele-
vated TAG levels partially explaining the effects of adiposity
traits on circulating INHBC.

Effects of Circulating INHBC on Type 2 Diabetes,
NAFLD, and CAD Risk
Since plasma INHBC levels might constitute both a media-
tor and a marker of atherogenic dyslipidemia, we investi-
gated the bidirectional effects between INHBC and CAD.
Additionally, considering reports that INHBC levels were
positively associated with prevalent and incident type 2 di-
abetes (16,17), and that hepatic INHBE expression is upre-
gulated in subjects with hepatosteatosis (13), we examined
the bidirectional effects between INHBC and type 2 diabe-
tes and NAFLD. Univariate IVW MR revealed that higher
circulating INHBC slightly increased the risk of CAD (odds
ratio [OR] = 1.021, 95% CI = 1.008–1.034) and NAFLD
(OR = 1.006, 95% CI = 1.002–1.011). Furthermore, type 2
diabetes positively impacted INHBC levels (b = 0.074, SE =
0.010, P = 6.01E-13), while CAD had a negative effect (b =
�0.029, SE = 0.013, P = 0.026). These results were repli-
cated with fine-mapped INHBC IVs and pQTL data from
UKB, and were directionally consistent in sensitivity analy-
ses and robust to Steiger filtering (Fig. 2 and Supplementary
Tables 7 and 8). MVMR analyses showed that 40% of the
effect of INHBC on CAD risk was mediated by changes in
TAG and HDL and LDL cholesterol levels (Supplementary

Table 9). Conversely, the impact of type 2 diabetes on
plasma INHBC levels persisted after adjusting for logTAG,
suggesting independence from type 2 diabetes–associated
hypertriglyceridemia. In summary, INHBC might be causally
associated with slightly higher CAD and NAFLD risk, and its
levels are increased in type 2 diabetes. An atherogenic lipid pro-
file may partially explain the effects of INHBC on CAD risk.

Colocalization Analyses
To address the possibility that distinct causal variants in-
fluence circulating INHBC levels and metabolic traits or
disease outcomes because of LD (22), we conducted colocali-
zation studies (Supplementary Table 10). INHBC showed
strong evidence of colocalization with lipid traits, fasting
glucose, logCRP, and CAD (posterior probability of hypothe-
sis 4 [PP.H4] > 0.7). These results were replicated in UKB
(Supplementary Table 10). The credible set overlap was re-
solved to two variants within the INHBC gene: rs2229357, a
missense variant (INHBCR322Q) predicted to be damaging by
two out of six bioinformatic tools, and rs3741414, a 30 UTR
variant (Supplementary Table 11). These data further sup-
port the causal link between INHBC and these phenotypes.

MR PheWAS Highlights INHBC as a Novel Drug Target
for Hyperlipidemia and Cardiometabolic Disorders
To explore potential on-target effects of pharmacologic
INHBC inhibition, we explored the impact of circulating
INHBC on 367 traits (Supplementary Table 3) using
cis-MR (Fig. 3 and Supplementary Table 12). INHBC had
a positive impact on the risk of familial combined hyper-
lipidemia (OR = 1.032, 95% CI = 1.018–1.047), hypercho-
lesterolemia (OR = 1.002, 95% CI = 1.001–1.003), and
statin use (OR = 1.018, 95% CI = 1.011–1.026). More-
over, higher plasma INHBC levels were linked with higher
risk of hyperuricemia (b ± SE= 0.025 ± 0.003, P =
2.15E-21), gout (OR = 1.002, 95% CI = 1.001–1.002), and
impaired renal function, as determined by estimated glo-
merular filtration rate (b ± SE = �0.002 ± 0.000, P =
8.06E-23), serum urea (b ± SE=0.014 ± 0.002, P =
3.91E-11), and serum creatinine levels (b ± SE = 0.010 ±
0.001, P = 1.24E-16), although the effect sizes were small.
INHBC was also causally associated with lower aspartate
transaminase (AST) levels (b ± SE = �0.015 ± 0.003, P =
4.21E-8) and higher calcium levels (b ± SE=0.008 ± 0.002,
P = 1.08E-3). These findings were replicated in UKB
(Supplementary Table 13) and confirmed by Steiger-filtered
and reverse MR analyses (Supplementary Tables 14 and 15).
Colocalization analyses indicated shared causal variants be-
tween INHBC levels and all aforementioned traits (all poste-
rior probabilities of hypothesis 4 [PP.H4]> 0.88), except for
AST, and calcium levels (Supplementary Table 10). Consis-
tent with primary outcomes, rs2229357 and rs3741414
were identified as credible set variants (Supplementary
Table 11). These results reinforce our primary findings and
suggest that pharmacologic inhibition of INHBC might pro-
tect against gout and renal failure.
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Activin C Functions as an ALK7 Ligand in Human
Adipocytes
Previous research showed that Act-C acts as an ALK7 ligand ca-
pable of inducing SMAD2 phosphorylation in differentiated
mouse adipocytes (15). In the same experiments, Act-C treat-
ment throughout differentiation reduced adipocyte lipid accu-
mulation. Considering these results and the inverse association
of INHBC with gluteofemoral adiposity, we investigated the
impact of rhAct-C on SMAD2/3 signaling in immortalized hu-
man abdominal and gluteal DFAT adipocytes. Unlike rhAct-B,
rhAct-C only veryweakly stimulated SMAD2/3 phosphorylation
and promoter reporter activity in these cells (Fig. 4A and B).
Given the significantly lower expression of ACVR1C in in vitro
differentiated abdominal and gluteal adipocytes compared
with primary adipocytes (Fig. 4C), we also tested rhAct-C in
DFAT cells transduced with a doxycycline-inducible ACVR1C
vector. Treatment with 0.02 mg/mL doxycycline for 48 h re-
sulted in approximately four- and twofold increase in ACVR1C

expression in abdominal and gluteal DFAT adipocytes, re-
spectively, compared with vehicle-treated cells, reaching
around twofold higher levels than endogenous ACVR1C in
primary abdominal adipocytes and equivalent levels in glu-
teal adipocytes (Fig. 4C). In these transduced cells, rhAct-C
evidently stimulated promoter reporter activity and SMAD2/
3 phosphorylation (Fig. 4D–F). rhAct-C was approximately
half as potent as rhAct-B in activating SMA2/3 signaling
(Supplementary Fig. 5). Finally, rhAct-C suppressed adrenali-
ne-stimulated lipolysis without affecting adipogenesis (Fig.
4G and H). These findings confirm Act-C as an ALK7 ligand
and lend support to the existence of endocrine cross talk be-
tween liver-derived Act-C andWAT ALK7.

DISCUSSION

We investigated the bidirectional effects between circulat-
ing INHBC and adiposity traits, insulin resistance, chronic
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inflammation, and cardiometabolic disease risk. Our find-
ings show causal relationships between higher plasma
INHBC levels and reduced lower-body fat and atherogenic
dyslipidemia, and slightly increased systemic inflammation
and blood glucose levels. Higher plasma INHBC also in-
creased the risk of CAD and NAFLD, although the latter as-
sociation was not supported by colocalization analyses.
Additionally, circulating INHBC levels were upregulated con-
sequent to obesity, lower peripheral WAT storage capacity,
hypertriglyceridemia, inflammation, and type 2 diabetes.
These results suggest a potential vicious cycle whereby ele-
vated INHBC contributes to dyslipidemia and systemic in-
flammation, further increasing INHBC levels. This cycle
likely exacerbates cardiovascular disease risk in individuals
with obesity, upper-body fat distribution, and type 2 diabe-
tes. Finally, our data align with and extend the findings of

previous studies linking raised circulating INHBC levels with
prevalent and incident type 2 diabetes (16,17).

Mechanistically, the link between higher plasma INHBC
levels and CAD is partly mediated by dyslipidemia. INHBC
was causally associated with only a slight increase in the
risk of CAD and NAFLD, with each 1-SD increase in INHBC
raising CAD and NAFLD risk by approximately 2.1% and
0.6%, respectively. However, MR analyses using UKB INHBC
pQTL data indicated higher ORs of about 5.6% and 1.5%, re-
spectively. Secondly, if the liver is a primary site of INHBC
action, ORs based on circulating INHBC levels might under-
estimate its impact on NAFLD risk. Thirdly, using the same
pQTL data set as for INHBC (26), plasma ANGPTL3 levels,
an established drug target for atherogenic dyslipidemia (35),
did not affect the risk of CAD (OR = 1.006, 95% CI =
0.965–1.049), NAFLD (OR = 0.974, 95% CI = 0.947–1.002),
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weighted MR estimates, and labeled outcomes surpassed Bonferroni correction for multiple comparisons (P value = 1.36E-4 [0.05/367
outcomes]). See also Supplementary Table 12.
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Figure 4—Activin-C is an ALK7 ligand. A: Western blots of phospho-SMAD2/3 and total SMAD2/3 in 12-day in vitro differentiated abdom-
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or type 2 diabetes (OR = 0.996, 95% CI = 0.945–1.050). Simi-
larly, circulating levels of FGF21, an established drug target
for NAFLD (36), had no impact on NAFLD (OR = 0.98, 95%
CI = 0.95–1.01) or CAD (OR = 0.99, 95% CI = 0.93–1.05) risk,
and were causally associated with increased type 2 diabetes
risk (OR = 1.11, 95% CI = 1.03–1.20). Fourthly, the ORION-3
trial demonstrated that administering inclisiran, a siRNA tar-
geting hepatic PCSK9mRNA, twice yearly achieved a 62–78%
average reduction in circulating PCSK9 levels over 4 years
(37). Since PCSK9 is not exclusively expressed in the liver
(https://www.gtexportal.org), a similar approach might pro-
duce more significant reductions in plasma INHBC levels.
Thus, targeting INHBC with monoclonal antibodies or siRNAs
could serve as an effective adjunct treatment of combined hy-
perlipidemia, CAD, and, potentially, NAFLD. Finally, we show
that the effects of adiposity traits on plasma INHBC levels are
partly mediated by circulating TAG and chronic inflammation.
In contrast, hypertriglyceridemia did not account for the link
between type 2 diabetes and higher circulating INHBC, which
could bemediated by hyperinsulinemia instead.

Our MR PheWAS results offer additional support that
inhibiting INHBC could alleviate dyslipidemia. Addition-
ally, INHBC-targeting drugs might protect renal function
and reduce gout risk, although the impact of circulating
INHBC on these traits was small. The MR PheWAS also
suggested that INHBC inhibition might be associated
with slightly higher AST and calcium levels. However, co-
localization analyses did not support these findings, and
INHBC was not associated with higher risk of cirrhosis
(Supplementary Tables 10, 12, and 13). Furthermore, ho-
mozygous global Inhbc knockout mice did not display
overt phenotypic differences from wild-type mice (38).
Further preclinical studies are needed to explore the effi-
cacy and side effect profile of INHBC inhibitors in treat-
ing dyslipidemia and cardiometabolic disorders.

Our in vitro experiments confirm that Act-C acts as an
ALK7 ligand in human adipocytes, consistent with findings
in mouse WAT-derived adipocytes (15). In immortalized adi-
pocytes overexpressing ACVR1C to levels similar to those in
primary abdominal and gluteal adipocytes, rhAct-C stimu-
lated SMAD2/3 phosphorylation and promoter reporter ac-
tivity, although less potently than rhAct-B. In the same
experiments, while rhAct-C had no effects on adipogenesis, it
suppressed adrenaline-stimulated lipolysis. Consistent with
these findings, circulating INHBC levels negatively impacted
HCadjBMI, possibly because lipolysis serves to generate

ligands for PPARg and RXRa, key adipogenic transcription
factors (39,40). Although we did not find significant associa-
tions between INHBC and MRI-derived fat distribution
measures, this may be due to the limited power from the
small sample size of UKB participants withMRI scans.

In contrast to INHBC, a rare, INHBE LoF variant
(rs150777893) was associated with lower WHRadjBMI at
GWAS significance (12,13). INHBE was also robustly linked
with WHRadjBMI based on rare variant burden tests (12)
(https://t2d.hugeamp.org/gene.html?gene=INHBE). Addi-
tionally, animal studies strongly suggest that Act-E acts as
an endocrine ligand for ALK7 in WAT. Specifically, Inhbe
knockout mice exhibited enhanced WAT lipolysis and resis-
tance to high-fat diet–induced obesity, similar to global
Acvr1c knockout animals (20). Directly opposite pheno-
types were observed in mice with hepatic overexpression of
Inhbe, which were abrogated in animals with concomitant
Acvr1c knockout (20). Collectively, these findings, along
with our data, suggest that WAT-derived Act-B and liver-
derived Act-E primarily activate ALK7 in WAT. However,
rhAct-E is not currently commercially available, and no
studies have measured circulating INHBE or Act-E levels in
humans. Nonetheless, ectopically expressed INHBE was se-
creted from CHO and HEK293T cells, while secretion of
the rs150777893 mutant was markedly impaired (12,13).
Based on our findings and previous research (15), we also
speculate that Act-C may influence systemic metabolism
through endocrine actions in WAT, potentially suppressing
lipid turnover similar to Act-E. Act-C and Act-E might also
impact hepatic lipid and glucose metabolism, since ACVR1C
is also expressed in the liver, albeit at lower levels than in
WAT, and ALK7 protein has been detected (https://www.
proteinatlas.org). Further research, including metabolic
phenotyping of Inhbc-knockout mice (38), is needed to con-
firm these hypotheses.

Activins are homodimers of two inhibin b-chains. In addi-
tion to homodimers, several heterodimers, namely Act-AB
and Act-AC, have been detected. Inhibin b-chains can also
form heterodimers with inhibin a-chains, encoded by INHA,
to produce inhibins that antagonize activins. Our study con-
centrated on circulating INHBC levels, which may not directly
reflect plasma levels of Act-C. However, the formation of ma-
ture heterodimers necessitates coexpression of both b-chains
or both a- and b-chains in the same cell. Hepatic expression
of INHA (0.9 transcripts per million [nTPM]), INHBA (9.2
nTPM) and INHBB (19.6 nTPM) are substantially lower than

vector. Day 10 abdominal (D) and gluteal (E) adipocytes were treated with 0.02 mg/mL doxycycline (or vehicle) for 24 h, then a further
24 h with addition of increasing doses of rhAct-C (n = 12, from three independent experiments). Data points are means ± SD relative lumi-
nescence units. F: Western blots of phospho-SMAD2/3 and total SMAD2/3 in 12-day in vitro differentiated DFAT[SMAD2/3-luc2/pCW-
ACVR1C] adipocytes, cultured for �48 h in the presence of 0.02 mg/mL doxycycline or vehicle prior to a 1-h treatment with rhAct-C (50 ng/mL)
or vehicle. G: Effects of rhAct-C (25 ng/mL) treatment of DFAT[SMAD2/3-luc2/pCW-ACVR1C] on adipogenesis (n = 12 from three inde-
pendent experiments). Cells were treated throughout differentiation. H: Effects of rhAct-C (25 ng/mL) treatment on lipolysis (n = 15,
from five independent experiments). In vitro differentiated day 10 cells were cultured in the presence of 0.02 mg/mL doxycycline or vehi-
cle for 24–48 h, then a further �24 h with the addition of 25 ng/mL rhAct-C or vehicle, prior to the lipolysis experiments. Histograms are
means ± SD. Statistical tests: (G) two-way ANOVA with Tukey multiple comparisons test; (H) three-way ANOVA with Sidak multiple
comparisons test. ****P < 0.0001.
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that of INHBC (159 nTPM) and INHBE (144 nTPM) (https://
www.proteinatlas.org). Therefore, the majority of circulating
INHBC is likely in the form of Act-C or Act-CE, assuming
INHBC and INHBE can heterodimerize.

There are limitations to the cis-instrument MR frame-
work. First, cis-instrument MR estimates do not reflect
side effects or other physiological responses related to spe-
cific drug classes (23). Additionally, as MR estimates reflect
lifelong modulation of the target, caution is necessary in
interpreting both the therapeutic and side effect profiles
for shorter duration pharmacologic modulation (23). Second,
assessing violations of MR assumptions, such as horizontal
pleiotropy, is challenging (21); however, we included several
complementary MRmethods, each accommodating orthogo-
nal assumptions about genetic pleiotropy (32), and found
broadly consistent results across all analyses strengthening
causal inference (21). Further, while cis-instrument MR is
less susceptible to horizontal pleiotropy and heterogeneity
than conventional two-sample MR (23), there is still the po-
tential for pleiotropy or heterogeneity. Importantly, we
found strong evidence of a shared causal variant in the
INHBC locus between INHBC protein levels and many of the
significant outcomes in the drug-target MR analysis, which,
when combined with the drug-target MR findings, suggest
common biological pathways and mechanisms linking
INHBC and these outcomes. The pQTL and outcome data
sets used in this study are derived from participants of
European ancestry, limiting the generalizability of these
findings to other populations. Finally, clear Act-C activity
was observed only in in vitro differentiated human adipo-
cytes when ACVR1C was overexpressed, even though the
levels of ACVR1CmRNA achieved through overexpression
were similar to those found in primary adipocytes. Conse-
quently, these results should be interpreted with caution.

In summary, we identify INHBC as a promising therapeu-
tic target for atherogenic dyslipidemia, and potentially CAD
and NAFLD, with possible additional benefits for improving
renal function and reducing gout risk. Our data suggest that
INHBC influences systemic metabolism through both local
and endocrine effects on ALK7 in the liver andWAT, respec-
tively. Further research is needed to establish the therapeu-
tic benefits and side effect profile of INHBC inhibition, as
well as to elucidate the cellular and molecular mechanisms
underlying its effects on systemic metabolism.
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