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SUMMARY

A ketogenic diet (KD) has been promoted as an obesity management diet, yet its underlying mechanism re-
mains elusive. Here we show that KD reduces energy intake and body weight in humans, pigs, and mice,
accompanied by elevated circulating growth differentiation factor 15 (GDF15). In GDF15- or its receptor
GFRAL-deficient mice, these effects of KD disappeared, demonstrating an essential role of GDF15-GFRAL
signaling in KD-mediated weight loss. Gdf75 mRNA level increases in hepatocytes upon KD feeding, and
knockdown of Gdf15 by AAV8 abrogated the obesity management effect of KD in mice, corroborating a he-
patic origin of GDF15 production. We show that KD activates hepatic PPARY, which directly binds to the reg-
ulatory region of Gdf15, increasing its transcription and production. Hepatic Ppary-knockout mice show low
levels of plasma GDF15 and significantly diminished obesity management effects of KD, which could be
restored by either hepatic Gdf15 overexpression or recombinant GDF15 administration. Collectively, our
study reveals a previously unexplored GDF15-dependent mechanism underlying KD-mediated obesity man-

agement.

INTRODUCTION

The obesity epidemic contributes to the increased health
burden of metabolic diseases, cardiovascular disease, and
even cancer, affecting more than 900 million people world-
wide."? Therefore, it is a great threat to human health and a
heavy burden on public health systems. Due to unsatisfactory
results of interventions on physical activity and the safety of
anti-obesity drugs, dietary modification has been proposed
as an effective strategy and a cornerstone for obesity manage-
ment.>* In the past several decades, a plethora of efforts have
been devoted to exploring obesity management diets such as
macronutrient composition at various carbohydrate, protein,
and fat levels, as well as calorie restrictions such as intermittent
fasting.® However, there is not a one-size-fits-all diet for obesity
management. It is important to tailor dietary recommendations
and optimize adherence for the individual. The ketogenic diet
(KD), a high-fat, adequate-protein, and very-low-carbohydrate
(or no carbohydrate) diet, has emerged as an alternative option
for obesity management.®”

KD has been established as a successful dietary approach for
the treatment of intractable epilepsy and has garnered research
attention rapidly in the past decade.”® It increases circulating
ketone bodies, which can be used as an alternative energy
source to glucose.’ This state of “metabolic ketosis” is similar
to a fasting state. Thus, KD is a compromise to fasting. In
mice, KD has been shown to reduce blood glucose, increase in-
sulin sensitivity, and even enhance longevity and “health
span.”’®"" In humans, KD has been used to reduce seizures in
patients with epilepsy since the 1970s.%'2 Currently, KD is under
evaluation for polycystic ovarian syndrome, polycystic kidney
disease, chronic pain, neurodegenerative diseases, influenza vi-
rus infection, tumor growth, and cancer, " '® as well as being a
nutrition approach for regular individuals or trained athletes.>'®
Among these versatile functions, the beneficial effects of KD
on obesity management have attracted a significant amount of
attention and many followers,?®?" while its underlying mecha-
nism remains elusive.

Growth differentiation factor 15 (GDF15) is a distinct member
of the transforming growth factor B (TGF-B) superfamily and
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Figure 1. KD feeding reduces body weight accompanied by elevated circulating GDF15

(A-E) Mouse study 1 (MS1).
(A) Schematic diagram of mouse
(B and C) Body weight changes.

feeding.

(D) Cumulative energy intake (kcal).
(E) Plasma levels of GDF15 at indicated time points. Data points show individual mice. Six mice per group.

(F-1) Pig study.

(F) Schematic diagram of pig feeding.

(G) Body weight.
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was first characterized in the late 1990s by several labs.?**

Circulating levels of GDF15 have been reported to be markedly
elevated in humans in a broad spectrum of cellular stress (e.g.,
obesity, cardiac and renal failure, chronic liver disease, and
various cancers)?>?® and mitochondrial diseases,?’*?® where it
is widely considered to be a useful biomarker.?**° GDF15
expression can be induced in a variety of tissues (e.g., liver, kid-
ney, intestines, and placenta) in response to a variety of different
stimuli.?”*"*? Transgenic overexpression or pharmacological
administration of GDF15°*"*° under obesogenic conditions
improved metabolic parameters, promoting it as a new target
for obesity prevention and treatment.**® Its cognate receptor
GFRAL was identified simultaneously and independently in late
2017.%53940 These groundbreaking findings evoke enthusiasm
to explore the regulation of GDF15 and its therapeutic applica-
tion in obesity treatment.”®*'"** One characteristic feature of
GDF15 is suppression of food intake.>®*® Several reports and
our preliminary work repeatedly showed reduced food intake
in KD-fed animals,*®*” suggesting a potential link between
GDF15 and the obesity management of KD.

In this study, we investigated the role of GDF15 in KD-medi-
ated weight loss and associated beneficial metabolic effects.
KD feeding induces mild elevation of circulating GDF15,
which suppresses energy intake and reduces body fat mass.
Using either Gdf15~/~ or Gfral”’~ mice, we show that the
GDF15-GFRAL axis is crucial for the weight-lowering effects of
KD. We also corroborate that KD-induced GDF15 derives from
activation of hepatic PPARY. The beneficial effects of KD on
obesity management greatly diminished in hepatic Ppary-
knockout mice, which could be markedly restored by an AAV-
Gdf15 or recombinant GDF15. Together, our findings reveal
insight into the obesity management effects of KD.

RESULTS

KD feeding reduces body weight accompanied by
elevated circulating GDF15 in mice, pigs, and humans
To understand KD-mediated weight management, we first fed
obese mice a KD or a control high-fat diet (HFD) for 15 days
(Figure 1A) and observed gradually decreased body weight in
the KD group compared to the weight gain in the HFD group
from the 6th day on. Fifteen-day KD feeding reduced the
body weight of mice from 39.10 + 0.33 to 35.94 + 0.61 g
(Figures 1B and 1C). We also noticed reduced cumulative en-
ergy intake (kcal) in the KD-fed mice starting from day 3
(16.48%) (Figure 1D), accompanied by an ~2-fold increase in
circulating GDF15 (Figure 1E). To further determine whether
KD-induced GDF15 is relatively specific, we measured circu-
lating GDF15 in mice fed several widely used obesity manage-
ment diets, including the Mediterranean diet,*®*° low-fat diet,>°
high-protein diet,®" and low-glycemic-index diet>? (Figures S1A
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and S1B), as well as two fasting regimes: every-other-day fast-
ing®® and time-restricted feeding®* (Figures S1C-S1F). The re-
sults showed that these types of diets were unable to elevate
circulating GDF15 within the tested period of time in mice. In or-
der to gain more confidence about the relationship between
KD and GDF15, one of the widely used preclinical models,
pig, was chosen for this dietary intervention trial (Figure 1F).
We observed decreased body weight in the KD-fed pigs
(Figures 1G and 1H) with an increase (~1.5-fold) in circulating
levels of GDF15 (Figure 1) after 15 days of treatment. Finally,
we recruited a cohort of participants with obesity for a
2-week KD intervention (Figures 1J and 1K). Reduced body
weight (from 91.44 + 1.04 to 86.47 + 0.75 kg) and elevated
circulating levels of GDF15 (~1.9-fold) were shown in these in-
dividuals at the end of the intervention (Figure 1L). Together,
these results suggest that KD feeding reduces body weight
and increases circulating GDF15.

GDF15-GFRAL signaling is required for the weight-loss
effects of KD

We next sought to investigate the role of GDF15 in obesity
management of KD. To this end, Gdf15-deficient (Gdf15~/")
mice were used and given a KD for 30 days. Consistent with
the above short-term feeding, a 30-day KD treatment signifi-
cantly increased circulating levels of GDF15 (2.26-fold) in wild-
type (WT) mice, but notin Gdf15~'" mice (Figure 2A). KD feeding
reduced cumulative energy intake (Figure 2B) and body weight
(Figure 2C) in WT mice, but not in Gdf15~'~ mice. Instead, KD
feeding increased the body weight of Gdf15~'~ mice from
32.19 = 0.93 to 35.29 = 0.79 g (on day 1 versus day 30,
p < 0.001), equivalent to a weight gain of 9.64% + 1.98% relative
to their initial weights. The body weights of KD-fed Gdf15~/~
mice almost caught up with those of HFD controls (Figure 2C).
Similarly, KD feeding reduced the fat mass and liver weight in
WT mice, but not in the Gdf15~'~ group (Figures 2D and 2E).
Consistent with body weight reduction, KD feeding reduced
plasma levels of triglycerides (TGs) (Figure 2F), alanine amino-
transferase (ALT) and aspartate aminotransferase (AST) (Fig-
ure 2@G), and hepatic TG content (Figure 2H) and improved
glucose tolerance (Figures 2l and 2J) as well as insulin sensitivity
(Figures 2K-2L) in WT mice, whereas these beneficial effects
were not shown in the absence of GDF15. Collectively, these re-
sults suggest that GDF15 is indispensable for KD-mediated
obesity management in mice.

We further test whether elevation of circulating GDF15 contrib-
utes to the weight loss effects of KD by using a GDF15 neutral-
izing antibody. The efficiency of this antibody was validated in
a cohort of WT mice received either exogenous GDF15 alone
or along with coadministration of this antibody (Figures S2A
and S2B). KD-consuming mice treated with IgG showed reduced
body weight compared with their corresponding HFD controls,

(H) Body weight changes.

(I) Plasma levels of GDF15. Six pigs per group.
(J-L) Human study.

J) Schematic diagram of human study.

(
(

K and L) Body weight (K) and plasma levels (L) of GDF15 before and after KD intervention in participants with obesity. n = 19 individuals.

Data are presented as mean + SEM. *p < 0.05, **p < 0.01, ***p < 0.001. HFD, high-fat diet; KD, ketogenic diet.

See also Figure S1.
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Figure 2. GDF15 is required for the weight-loss effects of KD
Mouse study 2 (MS2): WT and Gdf15~'~ mice were under HFD or KD feeding for 30 days.
(A) Plasma levels of GDF15 on day 18. LLOD, lower limit of detection.

2168 Cell Metabolism 35, 2165-2182, December 5, 2023

Cumulative energy intake (kcal)

500+

400+

300+

200+

100+

0

Cell Metabolism

-o- Gdf15" + HFD
-0~ Gdf15" + KD

E ,

Liver weight (g)
i

=
1

T T 1
0 3 6 91

— 1T T T T T 1
2 15 18 21 24 27 30
Days

= Gdf15'* + HFD
= Gdf15'* + KD
= Gdf15" + HFD
=1 Gdf15" + KD

it

150+

100+

Hepatic TG (mg/g)

[

1000

AUC of ITT
A O o
8 8 8
1 1 1

2500

= Gdf15"* + HFD
= Gdf15'* + KD
= Gdf157 + HFD
= Gdf15" + KD

2000 5%

AUC of GTT

500

- -
o o
o o
T T

(legend continued on next page)



Cell Metabolism

whereas the weight loss seen in KD-fed mice was greatly dimin-
ished with anti-GDF15 treatment, reaching 4.32% =+ 1.83%
above starting body weight (Figures S2C and S2D), suggesting
that GDF15 directly mediates the weight loss effects of KD.

The role of GDF15 in KD-mediated weight control was
also tested in Gfral”~ mice. Despite elevated circulating
GDF15 (Figure 3A), KD was unable to reduce cumulative energy
intake (Figure 3B), body weight (Figure 3C), fat mass (Figure 3D),
and liver weight (Figure 3E) in the absence of GFRAL. Also, the
beneficial effects of KD on hepatic TGs (Figure 3F), plasma
ALT and AST (Figure 3G), glucose tolerance (Figures 3H and
3l), and insulin sensitivity (Figures 3J and 3K) were not preserved
in Gfral”’~ mice. Together, these results demonstrate that
GDF15-GFRAL signaling plays an important role in the beneficial
metabolic actions of KD in mice.

The anti-obesity effects of KD are achieved by
orchestration of GDF15-mediated energy intake
suppression and FGF21-conferred energy expenditure
To test whether reduced energy intake solely or along with
altered energy expenditure contributes to the body weight con-
trol effect of KD in mice, we first applied a pair-feeding regime (by
energy) to mice to investigate whether this could abrogate the
weight difference between KD-fed mice and HFD controls (Fig-
ure S3A). Pair-feeding largely but not completely abolished the
weight difference between KD and HFD mice (Figure S3B),
suggesting (1) a major role of energy intake suppression in this
process and (2) a potential contribution of energy expenditure.
We then undertook the indirect calorimetry in Gdf15~/~ and
WT mice fed KD and HFD under ad libitum conditions to estab-
lish whether there are additional effects on energy expenditure.
KD-fed mice showed higher energy expenditure than HFD con-
trols irrespective of GDF15 when data were analyzed by analysis
of covariance (ANCOVA) with body lean mass as the covariate
(Figures S3C and S3D). These results, together with the above
GDF15-dependent suppression of energy intake under KD
conditions (Figures 2B and 2C), suggest that KD-mediated
obesity management involves GDF15-regulated energy intake
as well as GDF15-independent energy expenditure.

KD feeding is reported to increase circulating FGF21,°° a
hormone known to increase energy expenditure.®~°® We thus
measured circulating FGF21 and found increased levels in
KD-fed WT and Gdf15~’~ mice, as well as elevated Fgfe1
mRNA in their livers (Figures S4A and S4B). To explore whether
the increased GDF15-independent energy expenditure under
KD feeding is due to FGF21, we treated KD-fed Gdf15~'~ mice
and WT controls with an FGF21 neutralizing antibody (Fig-

¢? CellPress

ure S4C) and observed abolished energy expenditure difference
between HFD- and KD-fed mice (Figures S4D and S4E), corrob-
orating that FGF21 is responsible for the elevated energy
expenditure under KD feeding. It is worth noting that the minor
unexplained body weight difference between HFD-fed Gdf15~/~
mice and KD-fed Gdff5~~ mice shown in Figure 2C disap-
peared when the latter were treated with an FGF21 neutralizing
antibody (Figure S4F). Collectively, these data suggest that
the anti-obesity effects of KD are achieved by orchestration
of GDF15-mediated energy intake suppression and FGF21-
conferred energy expenditure.

KD-induced GDF15 production originates from the liver
To clarify which organ KD-mediated GDF15 production was
mainly derived from, we examined Gdf15 gene expression in a
tissue panel including liver, kidney, heart, skeletal muscle, ileum,
and colon, which have been reported as potential sources of
circulating GDF15,%°°7%2 from WT mice treated with either KD
or HFD. Compared with HFD controls, markedly increased
Gdf15 mRNA expression was observed in livers of KD-fed
mice (Figure 4A). Of note, significantly increased GDF 15 expres-
sion was also shown in livers of KD-fed pigs (Figure S5A). Further
in situ hybridization studies demonstrated strong Gdf15 expres-
sion in mouse hepatocytes (Figures 4B and S5B), suggesting
that KD-induced GDF15 elevation was principally from the liver.

To investigate whether KD induces hepatic GDF15 production
in vivo, we knocked down hepatic Gdf15 by AAV8 in mice (Fig-
ure 4C) and found KD feeding was unable to increase plasma
GDF15 in AAV-Gdf15 mice (Figures 4D and 4E), suggesting
that KD induces hepatic GDF15 production. We next investi-
gated the effect of hepatic Gdf15 on the obesity management ef-
fect of KD and observed that upon hepatic Gdf15 knockdown,
the suppression of energy intake and the subsequent body
weight loss by KD feeding were markedly reduced (Figures 4F
and 4G). The beneficial effects of KD on glucose tolerance and
insulin sensitivity disappeared in AAV-Gdf15 mice, showing
comparable levels of glucose-mediated whole-body glucose
disposal as well as insulin-stimulated glucose uptake in KD-fed
mice and HFD controls (Figures 4H-4K). The fat-reducing effect
of KD was markedly diminished in mice receiving AAV-Gdf15
(Figure 4L). We therefore conclude that the liver is the main site
for KD-induced GDF15 production.

Hepatic PPARY directly regulates the transcription

of Gdf15

To investigate the transcriptional regulation of KD-induced
hepatic GDF15, we performed RNA sequencing (RNA-seq)

B) Cumulative energy intake (kcal) in Gdf15*/* (left) and Gdf15 '~ mice (right).

C) Body weight changes (%).
D) Weights of iWAT and eWAT.
E) Liver weight.

G) Plasma levels of ALT and AST.
H) Hepatic TG contents.

I and J) Insulin tolerance test (ITT) and its area under the curve (AUC) (on day 18).

(
(
(
(
(F) Plasma levels of TGs.
(
(
(
(

K and L) Glucose tolerance test (GTT) and its AUC (on day 24).

Data points show individual mice. Gdf15** (HFD, n = 6; KD, n = 6) and Gdf15~/~ (HFD, n = 6; KD, n = 5). Data are presented as mean + SEM. *p < 0.05,

**p < 0.01, **p < 0.001.
See also Figures S2-S4.
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Figure 3. GFRAL is required for the weight-loss effects of KD
Mouse study 3 (MS3): WT and Gfral~’~ mice were under HFD or KD feeding for 30 days.
(A) Plasma levels of GDF15 on day 18.

(legend continued on next page)
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analysis in livers of HFD- and KD-fed mice (Figure 5A). KEGG
pathway analysis revealed enrichment of differentially expressed
genes (DEGs) in multiple pathways, especially the PPAR
signaling pathway (Figure 5B), of which fifteen genes, including
PPARY and its targets, were markedly upregulated upon KD
feeding (Figure 5C). These results were validated by gPCR
analysis (Figure S5C). PPARs constitute a subfamily of nuclear
receptors with three members: PPAR«, PPARY, and PPARB/
3.5% Here we noticed a marked increase only for Ppary mRNA
in livers of KD-fed mice (Figure 5D), with no obvious changes
for the expression of Ppara and Ppar@/6 (Figures S5D and
S5E). Also, we found a marked increase for PPARy mRNA in
livers of KD-fed pig (Figure S5F). Protein levels of PPARy were
also increased in livers of KD-fed mice (Figure 5E). Together,
these results indicate a possible correlation between PPARY
and GDF15.

To investigate whether the transcription factor PPARy
directly regulates the transcription of Gdf15, we analyzed ~2
kb of the Gdf15 promoter sequence and identified four putative
PPAR-responsive elements (Figure 5F). Luciferase assays
showed marked activation of Gdf15 promoter by PPARy
expression in hepatocytes (AML12) (Figures 5G and 5H). We
also showed that PPARY binds to its conserved transcription
binding site in the promoter region of Gdf15 by ChIP-gPCR
analysis (Figure 5l). Furthermore, we generated two luciferase
reporters driven by WT Gdf15 promoter and transcription bind-
ing site mutant Gdf15 promoter (Figure 5J). PPARYy overexpres-
sion significantly enhanced WT Gdf15 promoter-reporter activ-
ity but had no effect on that of the mutant form (Figure 5K).
Finally, a ChIP assay was carried out to further test the in vivo
binding of PPARY to the Gdf15 promoter, which was greatly
enhanced in livers of KD-fed mice (Figures S6A-S6F). These
data imply that PPARYy functions as a transcription factor to
promote Gdf15 transcription and expression.

To further determine whether hepatocytes are capable of
responding to PPARY to increase GDF15, we incubated a mu-
rine hepatocyte cell line, AML12, with the PPARYy agonist
rosiglitazone and found induction of GDF15 release into the
medium and an elevation of Gdf15 mRNA expression in hepa-
tocytes (Figures 5L and 5M). We then overexpressed Ppary
in AML12 cells and found increased GDF15 release into the
medium and Gdff5 mRNA expression (Figures 5N and
50). Consistently, in human primary hepatocytes, either rosi-
glitazone treatment or PPARy overexpression significantly
increased GDF15 release into the medium and GDF15
mRNA expression (Figures S7A-S7D). Given that PPARYy is
highly expressed in adipocytes,®® we further examined
whether adipose PPARY functions in a similar way as hepatic
PPARYy. Contrary to the results from hepatocytes, medium
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GDF15 was almost undetectable in differentiated 3T3-L1
cells treated with either rosiglitazone or overexpression of
Ppary (Figures S7E and S7F), excluding a similar regulatory
mechanism of GDF15 transcription and production in adipo-
cytes. Also, several studies including ours have shown that
hepatic integrated stress response (ISR) upregulates GDF15
expression.>*""%> We thus examined whether KD-induced
GDF15 expression involves ISR activation by detecting
hepatic protein levels of ATF4 and CHOP, key transcriptional
regulators of ISR. Their levels were similar between KD-fed
mice and their HFD controls (Figures S5G and S5H), excluding
a potential involvement of ISR in the production of hepatic
GDF15. Together, these results demonstrate that Ppary
upregulates Gdf15 expression in a hepatocyte-specific
manner.

Hepatic Ppary-deficient mice show low levels of plasma
GDF15 and abolished obesity management of KD

To better understand the relationship between hepatic PPARY
and GDF15 production in vivo, we first generated hepatic Ppary
knockdown mice by AAV8 (Figure 6A). KD-induced hepatic
Gdf15 mRNA expression and secretion were drastically reduced
when receiving AAV8-Ppary shRNA (Figures 6B and 6C) in
contrast to scramble shRNA. The weight loss effects of KD
were markedly reduced upon hepatic Ppary knockdown (Fig-
ure 6D). We further tested the obesity management effects of
KD in liver-specific Ppary knockout (Ppary P) mice (Figure 6E)
and found KD-induced GDF15 secretion in WT mice, but not in
Ppary*H" mice (Figure 6F). Contrary to WT mice, which lost
weight with KD feeding, Ppary”"P mice gained weight (Fig-
ure 6G). Accordingly, suppression of energy intake and reduc-
tion of fat mass by KD feeding were abolished in Ppary*HeP
mice (Figures 6H and 6l). KD feeding markedly reduced plasma
levels of TGs, hepatic lipid content, and liver weight in WT mice,
which were largely abrogated in Ppary P mice (Figures 6J—
6L). Moreover, the beneficial effects of KD on glucose tolerance
and insulin sensitivity shown in WT mice disappeared with hepat-
ic Ppary deletion, showing comparable levels of glucose-medi-
ated whole-body glucose disposal as well as insulin-stimulated
glucose uptake in KD-treated mice and vehicle controls
(Figures 6M and 6N). Together, these results demonstrate that
hepatic PPARY is required for the obesity management effects
of KD.

Hepatic Gdf15 overexpression or recombinant GDF15
administration rescued the defective metabolic benefits
of KD in Ppary“"°? mice

To establish whether the abolished beneficial effects of KD in
Ppary®H® mice were due to decreased hepatic Gdf15

(B) Cumulative energy intake (kcal) in Gfral*/* (left) and Gfral~'~ mice (right).
(C) Body weight changes (%).

(D) Weights of iWAT and eWAT.

(E) Liver weight.

(F) Hepatic TG contents.

(G) Plasma levels of ALT and AST.

(Hand ) ITT and its AUC (on day 18).

(J and K) GTT and its AUC (on day 24).

Gfral** (HFD, n = 5; KD, n = 6) and Gfral '~ (HFD, n = 6; KD, n = 5). Data points show individual mice. Data are presented as mean + SEM. *p < 0.05,

**p < 0.01, ™p < 0.001.
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Figure 4. Circulating GDF15 during KD dietary intervention mainly originates from liver

(A) Gdf15 mRNA expression in different tissues of mice with 15 days of dietary intervention was analyzed by RT-gPCR and normalized to that in kidney.

(B) In situ hybridization for Gdf15 mRNA (red spots). Representative images from the mice treated with HFD or KD. Mice were from groups described in (A) (n = 6).
(C-L) Mouse study 4 (MS4).

(legend continued on next page)
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expression and low circulating GDF15, we performed in vivo
rescue experiments to restore Gdf15 expression in the liver (Fig-
ure 7A). Compared with Ppary 2P mice receiving AAV-vector,
hepatic overexpression of Gdf15 caused a significant induction
of GDF15 secretion in mice (Figure 7B), restoring the defective
suppression of energy intake, weight loss, and fat reduction by
KD feeding (Figures 7C-7E). Similarly, gain of GDF15 function
in the liver restored the impaired glucose tolerance and reduced
hepatic TG content in KD-fed Ppary“™® mice (Figures 7F
and 7G).

We further used recombinant GDF15 to test whether systemic
elevation of circulating GDF15 is able to restore the impaired
beneficial effects of KD in Ppary 2P mice (Figures 7H and 7).
We found that recombinant GDF15 administration effectively
restored the blunted suppression of energy intake (Figure 7J);
the defective reduction in body weight, fat mass, and hepatic
TG content (Figures 7K-7M); and the impaired glucose tolerance
(Figure 7N) in KD-fed Ppary“ P mice. Collectively, these results
demonstrate that hepatic PPARy governs KD-mediated meta-
bolic benefits through upregulation of GDF15 production.

DISCUSSION

Recent clinical trials support that KD could be efficient for the
management of body weight and body composition.”® The
principal aim of our work was to understand if and how GDF15
might be involved in KD-mediated body weight control. Herein,
we present a body of data from cells to mice, pigs, and humans
that establish a major role for GDF15 in the mediation of the
beneficial effects of KD on weight loss. We found that KD feeding
reduces body weight in obese mice, preclinical model pigs, and
obese individuals accompanied by elevated circulating GDF15.
Deficiency of GDF15 or GFRAL in mice abolishes the metabolic
benefits of KD, corroborating that the GDF15-GFRAL axis is an
essential signaling node for KD. We further demonstrate that he-
patic PPARY governs the transcription and production of GDF15
in KD-fed mice and human primary hepatocytes. These findings
provide a previously unexplored molecular basis for KD-medi-
ated obesity management.

Among the multiple nutritional stimuli, KD is relatively specific
for the induction of GDF15. GDF15 is not a “sensitive/quick-
response” hormone compared to its appetite suppressor peers
such as leptin and enteroendocrine hormones such as GLP-1,
which fluctuate with short-term fasting or HFD feeding.®”%®
Here, we showed that among the four widely tested obesity man-
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agement diets, Mediterranean diet, low-fat diet, high-protein
diet, and low-glycemic-index diet, as well as two fasting regimes
(every-other-day fasting and time-restricted feeding),®®>"° KD
is the only diet capable of inducing GDF15 expression and pro-
duction within a short-term feeding regime, revealing a distinct
mechanism underlying KD-mediated obesity management
from those of other types of diets or dietary regimes.**""~"3

Of note, unelevated circulating GDF15 levels were shown in a
previous KD intervention study during the investigation of the ef-
fect of KD on liver metabolism in participants with obesity.”* This
is in contrast to our results, and several factors may contribute to
this discrepancy:

(1) Different dietary intervention duration. In Luukkonen’s
study, participants with obesity consumed 6 days of KD,”*
while in this study the intervention trial lasted for 2 weeks.
(2) Number of participants. In Luukkonen’s study, data from
10 valid participants with obesity were analyzed, whereas
19 out of 30 participants were included for data analysis after
accounting for withdrawals in this study.

(3) Race/ethnicity. It is well accepted that genetic background
influences an individual’s susceptibility to dietary intervention
and the subsequent plasma parameters.”®"® In this study, all
participants are Chinese Han ethnicity. Although Luukkonen
et al. did not provide information on race/ethnicity of the par-
ticipants, given the fact that the study was conducted in a
multicultural environment,”* the race/ethnicity of the popula-
tion from the two cohorts is likely distinct. Thus, further inves-
tigation is needed to determine whether these factors affect
the effect of KD on circulating levels of GDF15.

We also noticed the discrepancy in the effect of fasting on
circulating levels of GDF15. Two independent studies showed
that a 24-h fast had no effects on circulating levels of GDF15
in mice.®>”” Our result that every-other-day fasting is unable
to elevate circulating levels of GDF15 in mice is consistent
with these conclusions. Nonetheless, Zhang et al. reported
augmented circulating GDF15 levels in 24-h-fasting mice.”®
These seemingly contradictory results may be attributable to
factors including but not limited to age, gender, and/or diet of
mice and thus merit further investigation.

What are the general consequences of GDF15 elevation in KD
feeding? In this study, we found that KD as a nutritional stimulus
elevated circulating GDF15 in obese mice, miniature pigs, and
people with obesity, suggesting it is universal across species.
Another application of KD in humans is for the treatment of

(C) Schematic diagram of mouse treatment. Mice were intravenously injected once with adenovirus (AAV8-Scramble or AAV8-Gdf15). After 21 days, mice were
given either an HFD or KD for 27 days. Thus, four groups of mice (HFD + AAV8-Scramble, KD + AAV8-Scramble, HFD + AAV8-Gdf15, and KD + AAV8-Gdf15) were

studied here.

(D) Hepatic Gdf15 mRNA expression (n = 4 per group).
(E) Plasma levels of GDF15 on day 9.

(F) Body weight changes of mice (%).

(G) Cumulative energy intake (kcal).

(Hand ) ITT and its AUC (performed on day 8).

(J and K) GTT and its AUC (on day 14).

(L) Weight of iWAT and eWAT.

AAV8-Scramble (HFD, n = 5; KD, n = 6) and AAV8-Gdf15 (HFD, n = 5; KD, n = 5). Data points show individual mice. Data are presented as mean + SEM. *p < 0.05,

**p < 0.01, **p < 0.001.
See also Figure S5.
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epilepsy®'?: does elevation of GDF15 also occur in these pa-
tients, and if so, does this contribute to the reported weight
loss in some cases? Moreover, there are over 400 registered
clinical trials to test the effects of KD in different conditions,
including cancers, viral infection, and aging (ClinicalTrials.gov
database). It is highly recommended to monitor circulating
GDF15 levels under these trials based on at least one piece of
convincing evidence that detrimental levels of GDF15 were
shown in cancer patients, which correlates with cachexia and
reduced survival.”®%° Clinical trials of KD in these patients may
worsen their pathologies. Therefore, if KD consumption gener-
ally elevates circulating GDF15, in some settings this is likely to
be advantageous while there are clearly exceptions where it
is not.

Management of obesity and its associated metabolic disor-
ders could be achieved by reduced energy intake and/or
increased energy expenditure. Previous studies showed
increased energy expenditure in KD-mediated obesity man-
agement in mice.’®®" Nonetheless, in this study, we provide
evidence that increased energy expenditure, mediated by
FGF21, accounts for a relatively small contribution to this pro-
cess. We corroborated that GDF15-conferred reduced energy
intake is a major contributor for obesity management effects
of KD, by using GDF15- and its receptor GFRAL-deficient
mice, as well as a GDF15 neutralizing antibody. We discov-
ered a synergic action between GDF15 and FGF21 in the
obesity management of KD by giving Gdf15~~ mice an
FGF21 neutralizing antibody and observed completely abol-
ished effects of KD on weight loss. In line with this, the
orchestration of GDF15 and FGF21 was also shown in the
amelioration of diet-induced obesity and metabolic disorders
by the deadenylase CNOT6L.%? Whether this synergic action
is also implicated in other types of diet or gene-regulated
obesity merits further investigation.

What is the upstream regulator of the elevated levels of GDF15
in KD feeding conditions? To answer this question, we investi-
gated the transcriptional regulation of GDF15 and provided
evidence that hepatic PPARy governs KD-induced GDF15
transcription and production. Intriguingly, PPARY, a highly ex-
pressed transcription factor in adipocytes, is unable to upregu-
late GDF15 expression in adipocytes. Consistent with this,
recent studies from Savage’s lab revealed that adipocytes are
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not the cellular source of GDF15.%% Furthermore, PPARY is
also expressed in the intestine,®* where metformin-induced
GDF15 was reportedly derived from®?; whether intestinal PPARy
also controls GDF15 transcription and production warrants
further investigation. Besides PPARY, other transcription factors
such as ATF3, NRF2, and p53 were shown to regulate GDF15
expression in myotubes,®® hepatocytes,®® and prostate cancer
cells,®” respectively. These findings suggest a cell-type-specific
regulatory mechanism of GDF15, which opens a new area of
research in future studies.

Limitations of the study

This study identified that GDF15 is crucial for KD-mediated
obesity management, whose contribution was explored by em-
ploying GDF15-deficient mice and a GDF15 neutralizing anti-
body. Our data support that KD increases GDF15 levels, which
originate from activation of hepatic PPARy-governed GDF15
transcription and production, thereby regulating energy intake
and body weight. Nonetheless, our work has several limitations.
First, we only addressed the role of GDF15 in KD-mediated
weight loss in male animals for a relatively short period of time
(2 weeks to 1 month). Studies with female animals are needed
to gain a more comprehensive understanding of this regulatory
mechanism. Second, binding of other PPAR isoforms such as
PPARa. and/or PPARB/3 to Gdf15 in mouse liver under KD
feeding condition is not totally excluded and needs further inves-
tigation. Third, although we demonstrated elevated circulating
GDF15 and reduced body weight in individuals with obesity un-
der KD intervention, the translational relevance of the work
would be improved if tested in a large cohort of participants
with obesity.

STARXMETHODS

Detailed methods are provided in the online version of this paper
and include the following:

e KEY RESOURCES TABLE

e RESOURCE AVAILABILITY
O Lead contact
O Materials availability
O Data and code availability

start site.

C) Heatmap showing the individual DEG that was enriched in PPAR signaling pathway (n = 4).

D) mRNA expression of Ppary1 and Ppary2 in livers from HFD- or KD-fed mice (n = 4).

E) Protein levels of PPARY in livers of mice, representative of three independent experiments.

F) The luciferase construct of the 5'-flanking region of mouse Gdf15, containing putative PPARy-responsive elements (PPRE, blue squares). TSS, transcription

(G) Luciferase assay using mouse Gdf15 promoter. The promoter activity was shown by relative luciferase activity with overexpression of Ppary in AML12 cells

(n=5).

(H) Cell-based reporter assays were performed in AML12 cells transfected with the indicated Gdf15-luciferase reporter plasmids in the presence of control

plasmid or Ppary expression plasmid.

(I) ChIP-gPCR analysis of PPARY transcription binding site on Gdf15 promoter region was performed with overexpression of Ppary in AML12 cells (n = 3).
(J) Schematic illustration of the promoter structure of Gdf15 with potential PPARY binding site. The WT and PPARY binding site mutant sequences are indicated.

TBS, transcription binding site.

(K) Luciferase analysis showing the effects of PPARy on WT or mutant GDF15-PPARY binding site (n = 5). The proximal promoter region of Gdf15 was amplified by

qPCRin liver.

(L and M) Relative Gdf15 expression and GDF15 release in AML12 cells treated with 10 uM rosiglitazone for 48 h (n = 6).
(N and O) Relative Gdf15 expression and GDF15 release in Ppary-overexpressing AML12 cells (n = 6).

Data are presented as mean + SEM.
See also Figures S5-S7.
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Figure 6. Hepatic Ppary-deficient mice show low levels of plasma GDF15 and largely abolished obesity management of KD

(A-D) Mouse study 5 (MS5).

(A) Schematic diagram of mouse treatment. Mice were intravenously injected once with adenovirus (AAV8-Scramble or AAV8-Ppary). After 21 days, mice were
given either an HFD or KD for 21 days. Thus, four groups of mice (HFD + AAV8-Scramble, HFD + AAV8-Ppary, KD + AAV8-Scramble, and KD + AAV8-Ppary) were

studied here.

(B) Hepatic Ppary mRNA expression (n = 4).
(C) Plasma levels of GDF15 on day 9.

(D) Body weight changes in mice (%).

AAV8-Scramble (HFD, n = 5; KD, n = 6) and AAV8-Ppary (HFD, n = 5; KD, n = 5).

E-N) Mouse study 6 (MS6).

E) Schematic diagram of mouse feeding. Ppary”HeP and Ppary
F) Plasma levels of GDF15 on day 9.

G) Body weight changes (%).

H) Weight of iWAT and eWAT.

1) Cumulative energy intake (kcal) in Ppary
(J) Plasma levels of TGs.

(K) Liver weight.

(L) Hepatic TG content.

(

(

(
( I/l
(
(
(
(

fI/fl (

M) ITT performed after 9 days of feeding and its AUC.
N) GTT performed after 15 days of feeding and its AUC.
Ppary™® (HFD, n = 5; KD, n = 6) and Ppary“"°P (HFD, n = 5; KD = 5).

left) and Ppary “"eP mice (right).

mice were under HFD or KD feeding for 21 days.

Data are presented as mean + SEM. *p < 0.05, **p < 0.01, ***p < 0.001. TG, triglyceride.
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Figure 7. Defective body weight-lowering effects of KD in PparwAHep mice could be restored by hepatic Gdf15 overexpression or rGDF15

(A-G) Mouse study 7 (MS7).

(A) Schematic diagram of mouse treatment. Ppary P and Ppary™"
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mice were treated with AAV8-encoding GDF15 or vector, followed by KD feeding for 21 days.
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Rabbit-anti-ATF4
Rabbit-anti-CHOP
Mouse-anti-GAPDH
Rabbit-anti-PPARy

GDF15 neutralizing antibody
FGF21 antibody

Proteintech
Proteintech
Proteintech

Cell Signaling Technology

This paper
Antibody and
Immunoassays Services

CAT# 10835-1-AP; RRID: AB_2058600
CAT# 15204-1-AP; RRID: AB_2292610
CAT# 60004-1-Ig; RRID: AB_2107436
CAT# 2435S; RRID: AB_2166051

N/A

N/A

Chemicals, peptides, and recombinant proteins

Rosiglitazone
recombinant GDF15

Med Chem Express
R&D

CAT# HY-17386
CAT# 8944-GD

AAV8-Scramble-shRNA Hanbio N/A
AAV8-Gdf15-shRNA Hanbio N/A
AAV8-Ppary-shRNA Hanbio N/A
AAV8-Gdf15-overexpression Scilia Life Science N/A

TRIzol Reagent Invitrogen Cat# 15596-026
Novolin R (recombinant human insulin; 100U/mL) Novo Nordisk N/A

Critical commercial assays

Mouse GDF15 ELISA R&D CAT# MGD150

Pig GDF15 ELISA Solarbio CAT# SEKP-0034
Human GDF15 ELISA R&D CAT# DY957

Mouse FGF21 ELISA R&D CAT# MF2100
Lipofectamine 3000 Invitrogen CAT# L3000001
Triglycerides reagent Jiancheng CAT# A110-1-1
Dual-luciferase Reporter Assay Promega CAT# E1980
Deposited data

RNA sequencing data This paper SRA: PRUNA924349
Source data This paper Data S1-Source data
Experimental models: Cell lines

AML12 ATCC CAT# CRL-2254; RRID: CVCL_0140
3T3-L1 ATCC CAT# CL-173; RRID: CVCL_0123
Human primary hepatocyte Lonza N/A

Experimental models: Organisms/strains

C57BL/6J Huafukang Bioscience N/A

Gdf15 knockout mice

Gfral knockout mice
loxP

Cyagen
Cyagen

CAT# S-KO-07013
CAT# S-KO-09987

Ppary mice Jackson Laboratories Strain#004584; RRID: IMSR_JAX:004584
Bama miniature pig (Sus scrofa) Chengdu Clonorgan N/A
Biotechnology
Oligonucleotides
Mouse Gdf15 Forward (CTGGCAATGCCTGAACAACG) This paper NM_011819.4
Mouse Gdf15 Reverse (GGTCGGGACTTGGTTCTGAG)
Mouse g-actin Forward (GACCTGACTGACTACCTCAT) This paper NM_007393.5

Mouse $-actin Reverse (CGAAGTCAAGAGCCACATAG)

(Continued on next page)

Cell Metabolism 35, 2165-2182.e1-e7, December 5, 2023 el



¢? CellPress

Cell Metabolism

Continued

REAGENT or RESOURCE SOURCE IDENTIFIER
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Pig GAPDH Forward (AGGTCGGAGTGAACGGATTTG) This paper NM_001206359.1
Pig GAPDH Reverse (ACCATGTAGTGGAGGTCAATGAAQG)

Human GDF15 Forward (GCTACGAGGACCTGCTAACC) This paper NM_004864.4
Human GDF15 Reverse (ACTTCTGGCGTGAGTATCCG)

Human B-actin Forward (GAAGAGCTACGAGCTGCCTGA) This paper NM_001101.5

Human B-actin Reverse (CAGACAGCACTGTGTTGGCG)

Software

GraphPad Prism v10.0.0

GraphPad software

https://www.graphpad.com

(Boston, MA)
SPSS v.20.0 IBM N/A
Other
Chow diet Huafukang Bioscience CAT# H10010
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Continued

REAGENT or RESOURCE SOURCE IDENTIFIER
60% High fat diet Huafukang Bioscience CAT# H10060
Ketogenic diet Xietong Bioscience CAT# XTKDO1
75% High fat diet Xietong Bioscience N/A
Oxymax/CLAMS Columbus Instruments N/A

Collagen I-coated plates BD Bioscience N/A
Hepatocyte basal medium Lonza N/A

Gdf15 nucleotide probe Sangon Biotech N/A

RESOURCE AVAILABILITY

Lead contact
Further information and requests for resources and reagents should be directed to and will be fulfilled by the Lead Contact, Jiang Wei
Wu (wujiangwei@nwafu.edu.cn).

Materials availability
This study did not generate new unique reagents.

Data and code availability

RNA sequencing data is available in the NCBI Sequence Read Archive (SRA) and the accession number is provided in the key
resources table. Source data and Western blot images for the figures in the manuscript are available as Data S1. This human trial
was registered at chictr.org.cn/indexEN.html under the identifier ChiCTR2300071823: https://www.chictr.org.cn/showprojEN.
html|?proj=198176. No new data code has been generated in this study. Any additional information required to reanalyze the data
reported in this paper is available from the lead contact upon request.

EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

Human study: Effect of KD on humans

Atotal of 30 individuals who met all the following eligibility criteria were recruited in the First Affiliated Hospital of the Air Force Medical
University (Ethical approval KY20232166-C-1). Inclusion criteria were: (i) ethnic Chinese; (ii) medication-free, non-smokers without
any history of neurological, gastrointestinal or eating disorders; (jii) alcohol consumption <10 g/d for women and <20 g/d for men;
(iv) overweight (BMI >28 and <30 kg/m?) or obesity (BMI 30-36 kg/m?); (v) without diabetes mellitus; (vi) aged 18-60 years old.
Exclusion criteria were: (i) intolerance to KD diet: (ii) sickness and use of medication; (iii) pregnancy. This trial was registered at
chictr.org.cn/indexEN.html under the identifier ChiCTR2300071823: https://www.chictr.org.cn/showprojEN.htm|?proj=198176.

All participants provided written informed consent before taking part in the study.

A schematic diagram for KD dietary intervention is shown in Figure 1J. Participants were under KD diet (~1800 kcal energy per day,
~6% as carbohydrate, ~72% as fat, and 22% as protein) for 14 days. Among the 30 participants, nineteen of them (13 male and
6 female, the mean + SD age and BMI were 36.2 + 6.9 years and 31.67 + 2.33 kg/m? respectively) completed the 14-day KD dietary
intervention. The other eleven participants dropped out of the trial due to reported consumption of carbohydrate-rich diet, infection
with COVID and application of medication for symptom relief, as well as time and scheduling conflicts. Date were compared at the
end of the study to the baseline by paired Student’s t test. No data were excluded from analysis.”

Animal studies

All the experimental procedures were followed the Guide for the Care and Use of Laboratory Animals (Eighth Edition, ISBN-10: 0-309-
15396-4). Animal studies were approved by the ethics committee of the Northwest A&F University (Permission ID: 20191205-008).
Bama miniature pigs were purchased from Chengdu Clonorgan Biotechnology Co. LTD and were raised as we previously
described.®® Briefly, pigs had free access to food and water and maintained at stable room temperature (20 + 2°C). C57BL/6J
mice were purchased from the Beijing Huafukang Bioscience (Beijing, China). Gdf15~'~ mice and Gfral”’~ mice were purchased
from Cyagen Biosciences (Guangzhou, China). Hepatocyte-specific Ppary knockout mice with C57BL/6J background (Ppary “¢P)
and the littermate control (Ppary™"®/"*) mice were acquired as described previously.®’ Mice were housed in a controlled environment
(12-h light/dark cycle, light cycle from 7 a.m. to 7p.m., and dark cycle from 7 p.m. to 7 a.m.) and were maintained at stable room
temperature (23 + 2°C) with free access to food and water. Animals were randomly divided into different groups as specified. The
classic KD (Jiangsu Xietong Pharmaceutical Bio-engineering, Nanjing, China) was used for mice dietary intervention. Ilts composition
was listed in Table S1. Unless otherwise specified, male C57BL/6J mice were fed 60% HFD (H10060, Beijing Huafukang Bioscience)
to induce obesity. The body weight of individual mouse was shown in Table S2.
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METHOD DETAILS

Pig study: Effect of KD on pigs

Obese Bama miniature pigs were induced by high sugar and fat diet (HSFD) (containing 33% sugar and 10% lard, purchased from
Chengdu Hualanxu Biotechnology, Chengdu, China) for 12 weeks and then randomly assigned for control (HSFD) or KD (containing
77% lard) for 15 days (6 pigs per group). On the day of first dietary intervention, body weight of study groups (mean + SEM) was
38.22 + 1.15 vs. 38.55 + 0.78 kg for control diet and KD feedings, respectively. On day 15, pigs were weighted and plasma samples
were carefully collected before sacrificed.

Mouse study 1 (MS1): Effect of KD on mice

Eight-week-old male C57BL6/J mice fed HFD for 12 weeks were used (body weight, mean + SEM, 39.11 + 0.35 g). Mice were then
randomly assigned for HFD or KD intervention (6 mice per group) for 15 days. Body weight and energy intake were monitored every
3 days. On day 15, mice were anesthetized in chambers saturated with isoflurane after 6 h starvation and then sacrificed by cardiac
puncture. After centrifugation at 6,000 rpm at 4°C for 5 min, plasma samples were separated. Organs and tissues were carefully
collected, weighed, and frozen at —80°C until subsequent analysis.

Mouse study 2 (MS2): HFD and KD, Gdf15~~ mice

Experimental cohorts of male Gdf15~'~ and Gdf15** mice were obtained by het x het breeding pairs. On the day of first dietary
intervention, body weight of study groups (mean + SEM) was 32.17 + 0.64 g versus 32.15 + 0.70 g for Gdf15** HFD and KD feedings,
respectively, and 32.16 + 0.97 g versus 32.19 + 0.93 for Gdf15~'~ HFD and KD feedings, respectively. Mice were received HFD or KD
for 30 days, and their body weight and energy intake were monitored every 3 days. On day 30, mice were euthanized by terminal
anesthesia, and plasma was carefully obtained. Tissues were fresh frozen and kept at —80°C until subsequent analysis.

Mouse study 3 (MS3): HFD and KD, Gfral”’~ mice

Experimental cohorts of male Gfral~~ and Gfral*’* mice were obtained by het x het breeding pairs. On the day of first dietary inter-
vention, body weight of study groups (mean + SEM) was 32.83 + 0.75 g versus 32.73 + 0.48 g for Gfral*’* HFD and KD feedings,
respectively, and 33.00 + 0.58 g versus 32.91 + 0.86 g for Gfral~’~ HFD and KD feedings, respectively. Mice were received HFD
or KD for 30 days, and their body weight and energy intake were monitored every 3 days. On day 30, mice were euthanized by
terminal anesthesia, and plasma was carefully obtained. Tissues were fresh frozen and kept at —80°C until subsequent analysis.

Mouse study 4 (MS4): AAV8-mediated Gdf15 knockdown

To knock down Gdf15 in the liver, we transduced AAV8 shRNA against Gdf15 (designed and synthesized by Hanbio, Shanghai,
China) into mice. Scramble shRNA was used as a negative control. Target sequences are listed in key resources table. A schematic
diagram for mice administration is shown in Figure 4C. In brief, male C57BL6/J mice aged 8 weeks were switched from standard
chow to 60% HFD for 8-10 weeks. Mice were then randomly divided into four groups: AAV8-Scramble + HFD, AAV8-Scramble +
KD, AAV8-Gdf15 + HFD, and AAV8-Gdf15 + KD. AAV was diluted in saline to 1 x 10" vector genomes/ml, and 100 pL was injected
through the tail vein for each mouse. Body weight and energy intake were measured every 3 days. On the day of 21 after AAV injec-
tion, body weight of study groups (mean + SEM) was 36.82 + 0.75 g (AAV8-Scramble + HFD), 36.79 + 0.52 g (AAV8-Scramble + KD),
36.74 + 0.77 g (AAV8-Gdf15 + HFD), and 36.83 + 0.26 g (AAV8-Gdf15 + KD). Then mice started to receive HFD or KD for 27 days. The
plasma was obtained as in Mouse study 1.

Mouse study 5 (MS5): AAV8-mediated Ppary knockdown

To knock down Ppary expression in the liver, we transduced AAV8 system carrying shRNA against Ppary (designed and synthesized
by Hanbio, Shanghai, China) into mice, and scramble shRNA was used as a negative control. Target sequences are listed in key re-
sources table. A schematic diagram for mice administration is shown in Figure 6A. In brief, C57BL/6 mice aged 7-8 weeks were
switched from standard chow to 60% HFD for 7-8 weeks. Mice were then randomly divided into four groups: AAV8-Scramble +
HFD, AAV8-Scramble + KD, AAV8-Ppary + HFD, and AAV8-Ppary + KD. AAV was diluted in saline to 1 x 10'? vector genomes
ml~", and 100 uL was injected through the tail vein for each mouse. Body weight and energy intake were measured every 3 days.
Twenty-one days after AAV injection, body weight of study groups (mean + SEM) was 36.04 + 0.76 g (AAV8-Scramble + HFD),
36.02 + 0.52 g (AAV8-Scramble + KD), 35.96 + 0.77 g (AAV8-Ppary + HFD), and 36.05 + 0.26 g (AAV8-Ppary + KD). Mice then started
to receive HFD or KD for 21 days. Finally, mice were sacrificed and plasma was obtained as in Mouse study 1.

Mouse study 6 (MS6): Ppary“HeP mice

We used cre x loxP system to create Ppary hepatocyte specific knockout mice (Ppary“HeP). A schematic diagram for mice admin-
istration is shown in Figure 6E. On the first day of diet feeding, body weight of study groups (mean + SEM) was 36.04 + 0.76 g versus
36.02 + 0.52 g for Ppary™" HFD and KD feedings, respectively, and 35.96 + 0.77 g versus 36.05 =+ 0.26 g for Ppary“ P HFD and KD
feedings, respectively. Mice were received HFD or KD for 21 days, and their body weight and energy intake were monitored every
3 days. On day 21, mice were euthanized by terminal anesthesia and plasma was obtained as in Mouse study 1. Tissues were fresh
frozen and kept at —80°C until subsequent analysis.
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Mouse study 7 (MS7): Ppary“"°P mice with GDF15 overexpression

A schematic diagram for mice administration is shown in Figure 7A. Mice (Ppary™" and Ppary were transduced AAV8 system
carrying shRNA overexpressing GDF15 (designed and synthesized by Scilia Life Science, Beijing, China) once via tail vein injection,
scramble shRNA was used as a negative control. Target sequences are listed in key resources table. AAV was diluted in salineto 1 x
102 vector genomes mi~", and 100 uL was injected for each mouse. Body weight and energy intake were measured every 3 days. On
day 14 after AAV injection, body weight of study groups (mean + SEM) was 37.00 + 0.73 g for Ppary"" mice receiving AAV8 Scramble,
and 36.66 + 0.77 g versus 36.98 + 0.21 g for Ppary “ ™ mice receiving AAV8 Scramble and AAV8 Gdf15 overexpression, respec-
tively. Fourteen days after AAV injection, mice started to receive KD for 21 days. Finally, mice were sacrificed and plasma was care-
fully obtained.

1/l 4Hep)

Mouse study 8 (MS8): Ppary’\"ep mice with recombinant GDF15 administration

A schematic diagram for mice administration is shown in Figure 7H. In brief, mice (weighted about 36 g) were treated with vehicle or
recombinant GDF15 (0.1 mg kg™, subcutaneous injection). This dose is chosen based on previous studies>®°>°° every other day for
21 days with KD feeding. Their body weight and energy intake were monitored every 3 days.

Mouse study 9 (MS9): Effects of different diets on plasma levels of GDF15

Male C57BL6/J mice aged 8 weeks were switched from standard chow to 60% HFD for 13 weeks and then randomly assigned for the
experiments. For Mediterranean diet feeding, mice were orally administrated with conjugated linoleic acid and sodium nitrite in
200 pL PEG 400 for 7 days as described.*®“° A low-fat diet (20% protein, 70% carbohydrate, 10% fat), high protein diet (60% protein,
30% carbohydrate, 10% fat), and low glycemic index diet (low glycemic starch was composed of 70% amylose/30% amylopectin)
were given to mice for 7 days as described.**?

Mouse study 10 (MS10): Effects of different fasting regimes on plasma levels of GDF15

Male C57BL6/J mice aged 8-9 weeks were switched from standard chow to 60% HFD for 14 weeks. Intermittent fasting (mice had
free access to food for 24 h, followed by a 24-h fast for 3 cycles) and time-restricted feeding (mice had access to food during natural
nocturnal feeding time for 7 days) were carried out in mice as described.®*** At the end of dietary intervention, plasma was obtained
from fasting mice as in Mouse study 1.

Mouse study 11 (MS11): GDF15 antibody validation

Three-month-old C57BL/6 mice were treated with either vehicle or recombinant GDF15 (0.1 mg kg~ "). On day 7, GDF15-treated mice
were divided into two groups, receiving either GDF15 antibody (5.5 mg kg™, subcutaneous injection, every other day, the dose was
selected based on previous reports on the efficiency of GDF15 neutralizing antibody®'°%) or IgG control (subcutaneous injection,
every other day) for 5 days. Generation of GDF15 neutralizing antibody was acquired as described.?

Mouse study 12 (MS12): GDF15 antibody neutralization in mice

GDF15 antibody neutralization was performed as previously described with minor modifications.':** Briefly, one week before study
start, mice were randomly assigned for the experiments. On the day of first dietary intervention, body weight of study groups (mean +
SEM) was 44.94 + 0.75 g versus 45.23 + 0.87 g for HFD + IgG and KD + IgG feedings, respectively, and 44.68 + 0.91 g versus 44.84 +
0.68 g for HFD + Anti-GDF15 and KD + Anti-GDF 15, respectively. Mice were treated with either GDF15 neutralizing antibodies (5.5 mg
kg~ body weight, every other day) or IgG control through subcutaneous injection for a during of 30 days. Body weight and energy
intake were monitored every 3 days.

Mouse study 13 (MS13): Pair feeding experiment

Pair feeding test was performed as described.’>°° In brief, we divided mice into three groups: (1) HFD ad libitum fed, (2) KD ad libitum
fed, and (3) HFD pair-fed to match the calories consumed by the corresponding KD-fed group the day before. Mice were housed
individually. On the day of first dietary intervention, body weight of study groups (mean + SEM) was 39.13 + 0.64 g (Ad libitum
HFD), 38.77 + 0.33 g (Ad libitum KD), and 38.90 + 0.71 g (Pair-fed HFD). Mice were fed HFD or KD for 9 days. Their body weight
and energy intake were measured daily.

Mouse study 14 (MS14): Gdf15~'~ mice with FGF21 antibody neutralization

Mice (Gdf15~'~ and Gdf15** mice) aged 8 weeks were switched from standard chow to 60% HFD for 8 weeks, and then randomly
assigned for HFD or KD for 30 days. On the day of first dietary intervention, body weight of study groups (mean + SEM) was 36.48 +
0.30 g (Gdf15*"* + HFD + IgG), 36.70 + 0.77 g (Gdf15*"* + KD + Anti-FGF21), 36.28 + 0.86 g (Gdf15~'~ + HFD + IgG), and 36.47 +
0.50 g (Gdf15~/~ + KD + Anti-FGF21). A schematic diagram for mice administration is shown in Figure S4C. On day 12, mice
were treated with either FGF21 neutralizing antibodies (100 pg kg~ body weight) or IgG control (tail vein, every three days) until
the end of the duration. Body weight and energy intake were monitored every 3 days.
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Plasma analysis

The plasma biochemical parameters include ALT, AST, TG were measured using an automatic biochemical analyzer (Hitachi 7180,
Tokyo, Japan) in the Yangling Demonstration Zone Hospital. Levels of GDF15 were measured using GDF15 enzyme-linked immu-
nosorbent assay (MGD150, R&D, Minneapolis, USA for mice; SEKP-0034, Beijing Solarbio Science & Technology, Beijing, China
for pigs; DY957, R&D, Minneapolis, USA for humans). Levels of FGF21 was measured using enzyme-linked immunosorbent assay
kit (MF2100, R&D, Minneapolis, USA).

Liver TG analysis
The TG of liver tissues was measured using a TG quantification kit (Jiancheng, Nanjing, Jiangsu, China) according to the manufac-
turer’s instructions.

Calorimetry

This was determined by using Oxymax/CLAMS as described.®’ Briefly, mice were placed in individual metabolic cages and allowed
to acclimate for a period of 48 h before data collection. Energy expenditure was measured with an Oxymax/Comprehensive Lab An-
imal Monitoring System (Columbus Instruments, Columbus, OH). Measurements were performed for the dark (from 18:00 to 06:00) or
light (from 06:00 to 18:00) period under ad libitum feeding conditions.

Real-time qPCR and Western blots

Total RNAs were extracted from tissue or cultured cells using TRIzol reagent. The cDNA synthesis and gPCR assay were performed
as previously described.’® The relative mRNA levels were calculated by the 27288 method. The sequence of primers used were listed
in key resources table. Western blots were performed as described.®®

In situ hybridization

Liver, ileum, and colon were collected for in situ hybridization. Tissues were dissected and placed into 10% formalin/PBS for 24 h at
room temperature, transferred to 70% ethanol, and processed into paraffin. In situ hybridization was performed to detect GDF15
expression in tissue specimens using a nucleotide probe. The GDF15 probe was designed and synthesized by Sangon Biotech
(Shanghai, China): 5'- CUUCAAGAGUUGCCUGCACAGUCUCCAAGUG-3', 5’ labeled with Cy3-dUTP tag. Hybridization specificity
was confirmed by the absence of staining in Gdf15~'~ mice.

GTT and ITT

For GTT, 6h-fasted mice were received an intraperitoneal injection of glucose (2 g kg~ body weight). For ITT, overnight-fasted mice
were received an intraperitoneal injection of insulin (Humulin R, Eli Lilly, Indianapolis, USA) (1 units kg~ body weight). Tail blood
glucose levels were measured at indicated points (0, 30, 60, 90, and 120 min) after injection.

RNA-sequencing and bioinformatic analyses

For transcriptome sequencing, total RNA was extracted from liver samples by TRIzol (Invitrogen) following the standard protocol. The
library preparation, sample clustering, and sequencing were described previously. Briefly, the NEBNext Ultra RNA Library Prep Kit for
lllumina (NEB) was used to generate the sequencing library, the TruSeq PE Cluster Kit v3-cBot-HS (lllumina) was used to do sample
clustering, and the sequencing was carried out on the lllumina NovaSeq 6000 platform.

Cell culture

AML12 cell lines, 3T3-L1 cell lines were obtained from the American Type Culture Collection (ATCC) and were maintained in DMEM:
F12 (SH30022.01, HyClone, CT, USA) supplemented to a final concentration of 10% fetal calf bovine plasma (FBS) (Z7186FBS-500,
ZETA LIFE, CA, USA) and antibiotics at 37°C under an atmosphere of 95% air and 5% CO,. After 48 h, 3T3-L1 cells were differen-
tiated by exposure to 3-isobutyl-1-methylxanthine (0.5 mmol/L), dexamethasone (1 umol/L), insulin (10 ng/mL), and 10% FBS. Ro-
siglitazone (Med Chem Express, HY-17386, Shanghai, China) was added for 24h and the medium was carefully collected and stored
at —80°C for further analysis. Primary human hepatocyte cultures were purchased from Lonza (Walkersville, MD) and cultured in
collagen I-coated plates (BD Bioscience, Bedford, MA) with hepatocyte basal medium supplemented with HCM SingleQuots growth
factors (Lonza, Walkersville, MD).

Plasmids
In order to construct a plasmid encoding HA-PPARY, the HA-tag was added at the N-terminus of PPARy. The WT-PPARY was cloned
into the BamHI and Xhol sites of the pcDNAS3.1-HA vector.

Plasmid transfection and luciferase reporter assay

The plasmids were transfected into AML12 cells using Lipofectamine 3000 (L3000001, Invitrogen, California, USA). The relative lucif-
erase activity was measured using the Dual-luciferase Reporter Assay System (E1980, Promega, Wisconsin, USA) following the man-
ufacturer’s instructions.
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Chromatin immunoprecipitation (ChiP) gPCR

ChIP qPCR were performed as described. '’ Antibodies against mouse IgG (Santa Cruz, sc-2025) and PPARY (2435S, CST) were
applied. The DNA immunoprecipitated by the antibodies was detected by RT-gPCR. The primers used are listed in key re-
sources table.

QUANTIFICATION AND STATISTICAL ANALYSIS
Values are presented as mean + SEM. Statistical comparisons for two groups were performed by the Student’s t test and for more

than two groups, by ordinary 1-way ANOVA followed by Tukey’s multiple comparison testing with GraphPad Prism 9 software
(GraphPad Software, La Jolla, CA, USA), *p < 0.05; **p < 0.01; **p < 0.001.
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