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Bariatric surgery has proven to be the most effective
treatment for controlling hyperglycemia in severely
obese patients with diabetes. We show that fibroblast
growth factor 19 (FGF19), a gut hormone, is rapidly in-
duced by bariatric surgery in rodents and humans. Ad-
ministration of FGF19 achieves diabetes remission
independent of weight loss in animal models of diabetes,
supporting a role for FGF19 in the hormonal remodeling
that restores metabolic function after the surgery. Through
an unbiased, systematic screen in diabetic mice, we iden-
tified selective, safe, and effective FGF19 analogs. Unex-
pectedly, a lead FGF19 analog, NGM282, did not correct
hyperglycemia in patients with type 2 diabetes. In contrast,
administration of NGM282 resulted in a rapid, robust, and
sustained reduction in liver fat content and an improvement
in liver histology in patients with nonalcoholic steatohepa-
titis, faithfully replicating another key benefit of bariatric
surgery. Our work identifies a strategy for replacing the
surgery with an equally effective, but less invasive, treat-
ment for nonalcoholic steatohepatitis.

The growing incidence of obesity and type 2 diabetes
globally is widely recognized as one of the most challenging
contemporary threats to public health (1,2). Bariatric
surgery, including Roux-en-Y gastric bypass (RYGB) and
sleeve gastrectomy, is the most effective treatment for
severe obesity and type 2 diabetes (3–5). Interestingly, the
marked improvement in glucose homeostasis occurs early
after the RYGB procedure before any appreciable weight
loss (6). The underlying molecular mechanisms contributing

to these benefits remain an area of active investigation.
There remains a significant need for pharmacological mim-
etics of these surgeries.

The resolution of type 2 diabetes after gastric bypass
attests to the important role of the gastrointestinal tract in
glucose homeostasis. Among the changes to gut physiology
observed after gastric bypass surgery is altered enterohe-
patic circulation of bile acids, and significant increases in
circulating total bile acids (TBAs) were observed in humans
and rodent models (7–10). In this report, we show that
levels of fibroblast growth factor 19 (FGF19), a gut hor-
mone that plays a crucial role in controlling bile acid,
carbohydrate, protein, and energy homeostasis (11), are
elevated as early as 7 days postsurgery in humans. Using
a large-scale, unbiased, in vivo screen, we have discovered
safe and efficacious FGF19 analogs. One of these FGF19
analogs, NGM282, has recently demonstrated clinical ef-
ficacy in patients with chronic liver diseases, including
nonalcoholic steatohepatitis (NASH) (12), primary scle-
rosing cholangitis (13), and primary biliary cholangitis
(14). Furthermore, we present data from the first ran-
domized, double-blind, placebo-controlled trial in our
knowledge of an FGF19 analog in patients with type
2 diabetes.

RESEARCH DESIGN AND METHODS

NGM282 Clinical Trial in Patients With Type 2 Diabetes
In this multicenter, randomized, double-blind, placebo-
controlled study in patients with type 2 diabetes inade-
quately controlled on metformin therapy, NGM282 was
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administered once daily through subcutaneous injection
for 28 consecutive days. The trial protocol was approved by
the ethics committees and institutional review boards
(Dulwich, Australia, and Wellington, New Zealand) before
study initiation. The study was conducted according to the
provisions of the Declaration of Helsinki and in compli-
ance with International Conference on Harmonisation
Good Clinical Practice guidelines. All patients provided
written informed consent before participation in the trial.
The primary end point was absolute change in fasting
plasma glucose from baseline to day 28. Secondary end
points included the assessment of glycated hemoglobin
(HbA1c), fructosamine, glucose tolerance, insulin resis-
tance, b-cell function, body weight, safety, and tolerability.
Exploratory end points included the assessment of serum
levels of 7a-hydroxy-4-cholesten-3-one (C4). Inclusion
criteria were male and female patients with type 2 diabetes
with inadequate glycemic control, 18–70 years of age with
a stable body weight and BMI of 24–40 kg/m2, patients on
metformin monotherapy with a fasting plasma glucose
between 126 and 240 mg/dL, and patients on metformin
combination therapy with a fasting plasma glucose be-
tween 126 and 210 mg/dL. Participants remained on their
standard dose/regimen of antihyperglycemic medications
(metformin alone or metformin plus other antidiabetic
therapies) during the study. Exclusion criteria were type
1 diabetes, history of bariatric surgery, active acute coro-
nary heart disease, clinically significant clinical laboratory
abnormalities at screening, and acute electrocardiogram
findings or significant variants at screening. A sample size
of 16 completed participants per treatment group would
provide 80% power to detect a difference in mean glucose
changes from baseline of 41 mg/dL, assuming an SD of
40 mg/dL using a two-sided significance level of 0.05. To
accommodate a dropout rate of up to 20% from random-
ization to study completion, a sample size of 20 randomized
participants per treatment group (80 participants in total)
was planned.

From November 2013 to July 2014, a total of 81 eligible
patients were randomized in a 1:1:1:1 ratio to receive
either NGM282 2 mg (n = 21), NGM282 5 mg (n = 20),
NGM282 10 mg (n = 20), or placebo (n = 20). One
participant in the NGM282 5-mg dose group was with-
drawn from the study after randomization but before
NGM282 dosing for taking prednisone and was excluded
from the analysis. Participants self-administered the first
dose under the supervision of site staff and returned to the
study site on days 7, 14, 21, and 28 (end of treatment) for
assessment. Participants returned to the study site on day
42 for a follow-up visit. Adverse events (AEs) were assessed
using the Common Terminology Criteria for Adverse
Events, version 4.03.

An oral glucose tolerance test (GGT) was conducted on
days 1 and 28. Blood samples were collected pre–glucose
load and at 30, 60, and 120 min post–glucose load. HOMA
of insulin resistance (HOMA-IR) and HOMA of b-cell
function (HOMA-bcf) were assessed from fasting glucose

and insulin levels on days 1 and 28 pre–glucose load. HbA1c,
fructosamine, and body weight were measured on days
1 and 28 in all participants. Serum levels of C4 were only
analyzed in the NGM282 2-mg and 5-mg groups.

Patients for Gastric Bypass Surgery
From February 2010 through June 2011, 29 patients with
severe obesity from a single bariatric surgical center (Rocky
Mountain Associated Physicians, Salt Lake City, UT) seek-
ing RYGB surgery were enrolled. All patients provided
written informed consent to participate in the study. At
baseline, 7 days, and 21 days postsurgery, a 250-mL
standard liquid meal (1.5 calories/mL, 18% protein, 44%
carbohydrate, and 38% fat) (Isosource; Novartis) was
administered, and blood was drawn just before meal in-
gestion and 30 and 60 min after the meal.

Animal Experiments
All animal studies were approved by the institutional
animal care and use committee at NGMBiopharmaceuticals.
Animals were housed in a pathogen-free animal facility at
22°C under a controlled 12-h light/dark cycle. All animals
were kept on standard chow diet (Teklad 2918; Harlan
Laboratories) and autoclaved water ad libitum unless
otherwise specified. Male mice and rats were used. Animals
were randomized into the treatment groups on the basis of
body weight and blood glucose. All injections and tests
were performed during the light cycle. C57BL/6J, db/db,
TALLYHO, NONNZO, and Fxr-deficient mice were pur-
chased from The Jackson Laboratory. Zucker fa/fa (ZF)
rats were purchased from Envigo.

Duodenal-Jejunal Bypass Surgery in ZF Rats
RYGB causes rapid and dramatic weight loss in rodents to
a much greater degree than in humans, which makes
interpretation of early gene expression changes difficult.
In contrast, duodenal-jejunal bypass (DJB), a surgical pro-
cedure that preserves the normal transit of nutrients
through the stomach, does not result in substantial weight
reduction, allowing us to focus on transcriptome change
solely derived from the altered intestinal architecture.
Therefore, we chose to use DJB instead of RYGB as the
bariatric surgery procedure in the rodent studies. Surgical
procedures were performed on 20-week-old ZF rats. DJBs
were carried out as previously described (8,15). In brief,
the abdominal cavity was exposed through a ventral mid-
line incision. At 0.75–1 cm of the starting point of duo-
denum, a suture was tightly tied around the duodenum
vertically, and a 0.4-cm horizontal incision was performed
at this area; bowel continuity was interrupted at the level
of the distal jejunum (10 cm from the ligament of Treitz).
The distal limb was directly connected to the horizontal
duodenum incision (duodenal-jejunal anastomosis), and
the proximal limb carrying the biliopancreatic juices was
reconnected downward to the alimentary limb at a distance
of the same length of the entire bypassed duodenum and
proximal jejunum from the duodenal-jejunal anastomosis.
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For sham operations, rats underwent a surgical procedure
similar to DJB, but all resections were reanastomosed to
maintain the physiological circuit of food through the
bowel. Rats were sacrificed 14 days after surgery, and
intestines were harvested for RNA preparation and tran-
scriptome profiling.

db/db Mice
For the unbiased, in vivo screen, 10- to 12-week-old db/db
mice (BKS.Cg-Dock7m +/+ Leprdb/J, #000642) were injected
intravenously with 3 3 1011 vector genome of adeno-
associated virus (AAV) carrying either FGF19 mutants or
a control gene green fluorescent protein (GFP). During the
24-week study periods with continuous exposure to FGF19
mutant transgenes, db/db mice were subjected to glucose
measurements at various time points and euthanized at
the end of the studies for liver tumor quantification.

Fxr-Deficient Mice
Fxr-deficient mice [B6.129X1(FVB)-Nr1h4tm1Gonz/J, #007214]
were fed a high-fat, high-fructose, high-cholesterol diet
(HFFCD) (#D09100301i; Research Diets) to induce NASH.
Treatment was initiated after 16 weeks of HFFCD feed-
ing by injecting mice with 3 3 1011 vector genome AAV-
FGF19, AAV-NGM282, or a control virus AAV-GFP
through tail veins. HFFCD feeding was subsequently main-
tained for an additional 34 weeks, at which time mice were
euthanized for histological and gene expression analysis.

Statistics
For studies in animals, results are expressed as the mean6
SEM. One-way ANOVA followed by Dunnett posttest was
used to compare data from multiple groups (GraphPad
Prism). Two-way ANOVA followed by Sidak posttest was
used to compare data when multiple groups and time
points were involved (GraphPad Prism). When indicated,
an unpaired Student t test was used to compare two
treatment groups. Circulating FGF19 levels in patients
before and after RYGB were evaluated by a paired two-
tailed t test. For the NGM282 clinical trial in patients with
type 2 diabetes, the change from baseline to day 28 was
compared between treatment groups using ANCOVA, with
treatment group as factor and baseline HbA1c and baseline
end point value as covariates. Difference in least squares
means, 95% CIs for the difference, and corresponding
P values are presented. Within each treatment group,
changes from baseline to day 28 were evaluated by a paired
two-tailed t test. Statistical analyses for the clinical trials
were carried out using SAS 9.4 software (SAS Institute,
Cary, NC). Additional materials are provided in the Sup-
plementary Data.

RESULTS

FGF19 Is Induced by Bariatric Surgery in Rodents and
Humans
In an effort to identify potential gut-derived factors that
could contribute to the beneficial effects of bariatric

surgery, we examined gene expression changes in various
segments of the intestine before and after surgery using
an established rodent model, DJB surgery in ZF rats (8)
(Fig. 1A). DJB, a surgical procedure that preserves the normal
transit of nutrients through the stomach, does not result
in substantial weight reduction as seen with RYGB, allow-
ing us to focus on transcriptome change solely derived
from the altered intestinal architecture. Among the genes
whose expression are differentially regulated by DJB ver-
sus sham procedures, FGF15 (the rodent ortholog of
human FGF19) was one of the gut factors that showed
the greatest increase in expression. Elevated levels of
FGF15 mRNA were detected as early as 14 days postsur-
gery and likely resulted from the accelerated delivery of
bile to the hind gut (Fig. 1B and C). Induction of Nr1h4
(also known as farnesoid X receptor [FXR]) expression was
also observed (Fig. 1B). Ingenuity pathway analysis of
transcriptome profiling data revealed that several biolog-
ical pathways, and transcriptional programs associated
with cholesterol metabolism in particular, were enriched
in the DJB group compared with the sham procedure
group (Fig. 1D).

To determine whether these observations in animal
models are recapitulated in humans, we measured
FGF19 concentrations in serum samples from obese
patients who had undergone RYGB surgery (Fig. 1E).
Serum FGF19 concentrations increased significantly after
RYGB in the majority of patients either under fasting
conditions or after a standardized meal (Fig. 1F). The
increase in serum FGF19 was observed as early as
7 days after surgery and persisted 21 days after surgery.
Patient characteristics at baseline and postsurgery are
shown in Supplementary Table 1. In summary, we ob-
served significantly elevated levels of circulating FGF19 in
rodents and humans as early as 7 days after bariatric
surgery, supporting a role for FGF19 in the hormonal
remodeling that restores metabolic function after the
surgery.

Unbiased, Systematic, In Vivo Screen for the
Identification of Efficacious, Nontumorigenic FGF19
Variants in db/db Mice
Despite the demonstration of profound antidiabetic ef-
fects after administration of FGF19 in a variety of mouse
models of diabetes (including monogenic db/dbmice, poly-
genic TALLYHO and NONNZO mice, and b-cell–deficient
mice) (Supplementary Fig. 1), potential safety concerns
have hindered its development as a therapeutic for the
treatment of type 2 diabetes. Although FGF19 has minimal
mitogenic activity on fibroblasts and hepatocytes in vitro,
ectopic expression of FGF19 in skeletal muscle of trans-
genic mice promotes hepatocyte proliferation, hepatocel-
lular dysplasia, and neoplasia and, by 10–12months of age,
leads to the development of hepatocellular carcinomas
(16). Multiple groups have endeavored to engineer safe
and effective variants of FGFs, including FGF19 (17–20).
Although the FGF19 mutants described in these reports
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Figure 1—Levels of FGF15/FGF19 are elevated after bariatric surgery in rodents andhumans.A: Schematic drawing ofDJB surgery in ZF rats. TheDJB
procedure in rats resembles the RYGB procedure performed in humans. We hypothesized that in both DJB and RYGB, the bile, unmixed with food, is
directly delivered to the distal jejunum and ileumwhere it induces FGF15/FGF19 expression in an FXR-dependent manner. Segments representative of
the intestinal anatomy were collected in bypass and sham-operated animals. B: Top genes differentially induced by DJB surgery compared with sham
procedure in ZF rats. Rats were sacrificed 14 days after surgery, and ilea were harvested for transcriptome profiling. FGF15 and Nr1h4 (also known as
FXR) are shown in bold.C: Quantitative PCR analysis showing that mRNA levels of FGF15were increased after DJB surgery in the ileum. Duodenum (in
two segments), jejunum (in three segments), ileum, colon, and liver were harvested from ZF rats 14 days after sham or DJB procedures (n = 3 biological
replicates per group).D: Ingenuity pathway analysis of transcriptome profiling in ZF rats (DJB surgery vs. sham procedure). The top regulated canonical
pathways are ranked by2log10 (P value) with a threshold P = 0.05. Highest ranking categories are displayed along the x-axis in a decreasing order of
significance. Orange bar, pathway with z score.0 (upregulated pathway); blue bar, pathway with z score,0 (downregulated pathway); gray bars, no
activity pattern available.E: RYGBsurgery in humanpatients. Serumsampleswere collected before surgery (baseline) and at 7 and 21days postsurgery.
F: Serum concentrations of FGF19 were increased after RYGB surgery in humans (n = 29). Fasting as well as fed (30 or 60 min after meal [30’ or 60’])
FGF19 concentrations were determined. Data are mean 6 SEM. ***P , 0.001 by paired two-tailed t test. ID, identifier; LPS, lipopolysaccharide; LXR,
liver X receptor; RXR, retinoid X receptor.
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Figure 2—An unbiased, systematic, in vivo screen of FGF19mutants in diabetic db/dbmice. A: Glucose and body weight results from in vivo
screen of FGF19 mutants with systematic changes in loop regions connecting b-sheets. Ten- to 12-week-old db/db mice were injected
intravenously with 3 3 1011 vector genome AAV carrying FGF19, FGF19 mutants, or a control gene GFP. Glucose and body weight were
measured before AAV injection (week 0) and at weeks 1, 4, and 24 after AAV injection (n = 5–6 mice per group). B: Liver tumors in db/dbmice
expressing FGF19 mutants in loop regions. The db/db mice were euthanized at the end of the study (24 weeks after AAV injection) for liver
tumor quantification (n = 5–6mice per group).C: Liver weight of db/dbmice expressing FGF19mutants (n = 5–6mice per group).D: Molecular
modeling of the FGF19-bKlotho-FGFR1 2:2:2 ternary complex. bKlotho is in green, FGF19 in red, and FGFR in blue. Ribbon structure of the
same complex is shown in the bottom panel. E: The b8–b9 loop in FGF19 contacts the linker region in FGFR. FGFR1 surface representation is
in blue, with D2 and D3 indicated; FGF19 and bKlotho are shown in ribbons. F: Detailed view of the b8–b9 loop interaction with FGFR.
Hydrogen bonds between the invariant Arg-250 in FGFR andGly-130 and Asn-132 in FGF19 are indicated by dashed lines. The b8–b9 loop is
shown as a yellow ribbon. G: Glucose and body weight results from in vivo screen of FGF19 mutants with deletions or mutations in the
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exerted modest glucose lowering in diet-induced obese
mice, possibly secondary to the observed weight reduction
in this model, they failed to improve the severe hypergly-
cemic condition when tested in db/dbmice (Supplementary
Fig. 2A–D). Moreover, significant safety concerns on these
engineered FGF molecules, previously unrecognized from
cell-based assays, were uncovered upon prolonged expo-
sure of mice to these molecules (Supplementary Fig. 2E).
Given the limitations of biochemical or cell-based assays
for modeling complex, multisystem diseases, such as di-
abetes and cancer, we used an unbiased, systematic, in vivo
screen to simultaneously assess glucose lowering and
tumorigenicity of FGF19 mutants in db/db mice. During
the course of this effort, we injected recombinant AAV
carrying .150 FGF19 mutant transgenes intravenously
into db/db mice for evaluation, monitoring blood glucose,
body weight, and liver tumor formation over a 24-week
study period. Detailed sequences of select mutants are
included in Supplementary Tables 2–5 (and data not
shown).

To establish a structure-activity relationship (SAR)
and dissect FGF19 functional domains, we systemati-
cally changed predicted secondary structural elements in
the FGF19 protein, including b-sheets, loops between
b-sheets, and a-helices (Supplementary Fig. 3A and B).
Among these FGF19 mutants, mutation of the b8–b9 loop
region resulted in a marked reduction in the number of
liver tumors compared with wild-type FGF19 without
compromising the antidiabetic efficacy (Fig. 2A and B).
This FGF19 variant also did not promote the increase in
liver weight associated with prolonged exposure to wild-
type FGF19 (Fig. 2C). To gain insight into the molecular
basis for the differentiated profile of the FGF19 variant
carrying the b8–b9 loop mutation, we superimposed the
crystal structures of FGF19 (PDB 2P23) (21) and bKlotho
(PDB 5VAQ) (22) onto the X-ray structure for the ternary
FGF23-Klotho-FGF receptor 1 (FGFR1) complex (PDB
5W21) (23) (Fig. 2D). Strikingly, the b8–b9 loop, a sur-
face-exposed region in FGF19 (indicated as red spheres in
Fig. 2E), makes direct contact with the highly conserved
linker region between Ig-like domain 2 (D2) and D3 in
FGFR1. In this complex, multiple hydrogen bonds are
predicted to form between the Gly-130 and Asn-132
residues in the b8–b9 loop of FGF19 and Arg-250 in

FGFR1 (Fig. 2F), an invariant arginine residue conserved
among the FGFR1, FGFR2, FGFR3, and FGFR4 receptors
(Supplementary Fig. 3C and D).

With an absence of electron density for the N-terminus
of FGF19 in published crystal structures (PDB 2P23 and
1PWA) (21,24), this domain of FGF19 remains poorly
characterized with respect to both structure and function.
Moreover, a lack of homology between the N-terminus of
FGF19 and FGF23 limited the utility of modeling this
region to the FGF23-Klotho-FGFR1 ternary structure. As
a means toward better understanding the role this region
plays in mediating the biological activities of FGF19, we
used a systematic mutational analysis to precisely dissect
this domain and identify the key residues involved in
mediating these functions. As shown in Fig. 2G and H,
several FGF19 mutants entirely lack the tumorigenic po-
tential of wild-type FGF19, even while maintaining robust
glucose-lowering activity in db/db mice. Relative to wild-
type FGF19, liver weights were also reduced by these
nontumorigenic mutants (Fig. 2I). On the basis of these
fine-mapping analyses, amino acids 30–33 appear to be
essential for both the metabolic and the proliferative
activities of FGF19. A close inspection of the FGF23-
FGFR (Fig. 2J and K and Supplementary Fig. 3E and F)
and the FGF8-FGFR (Fig. 2L and Supplementary Fig. 3G)
structures revealed that residues located in similar
N-terminal positions make close contacts with the recep-
tor. Therefore, changes in amino acids 30–33 in FGF19
may directly affect interactions with the receptor and
influence downstream signaling. Additional in vivo SAR
analyses are included in Supplementary Figs. 4 and 5. In
summary, through an extensive SAR analysis, we identified
distinct regions in FGF19 that are essential for its meta-
bolic and proliferative features.

A Randomized, Double-Blind, Placebo-Controlled Trial
of an FGF19 Analog, NGM282, in Patients With Type
2 Diabetes
The identification of nontumorigenic FGF19 analogs with
robust antidiabetic efficacy has ignited renewed interest in
exploiting this class of hormones for therapeutic purpose.
However, it has remained unproven whether these results
from animal models represent a relevant glucose-lowering
mechanism in humans. To functionally validate these findings

N-terminal region. Ten- to 12-week-old db/db mice were injected intravenously with 3 3 1011 vector genome AAV carrying FGF19, FGF19
mutants, or a control gene GFP. Glucose and body weight were measured before AAV injection (week 0) and at weeks 4 and 24 after AAV
injection (n = 5–6 mice per group). H: Liver tumors in db/db mice expressing FGF19 mutants with deletions or mutations in the N-terminal
region. The db/dbmice were euthanized at the end of the study (24 weeks after AAV injection) for liver tumor quantification (n = 5–6 mice per
group). I: Liver weight of db/dbmice expressing FGF19mutants with deletions or mutations in the N-terminal region (n = 5–6mice per group).
J: Alignment of amino acid sequences in the N-terminal regions. Note that the N-terminus of FGF19 shares no homology with FGF23, FGF8,
or FGF2. The first b-sheet is shaded in blue. K: The N-terminus (N-ter) of FGF23 in the FGF23-Klotho-FGFR1 ternary complex (PDB 5W21).
Note that the N-terminus of FGF23 directly interacts with the D3 domain of FGFR. L: The N-terminus of FGF8 in the FGF8-FGFR2 receptor
complex (PDB 2FDB). Note that the N-terminus of FGF8 directly interacts with the D3 domain of FGFR. Data are mean6 SEM. For glucose
levels (A and G), we used two-way ANOVA with Sidak multiple comparison tests versus GFP; for liver tumors (B and H), we used one-way
ANOVA with Dunnett multiple comparison tests versus FGF19. *P , 0.05, **P , 0.01, ***P , 0.001.
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in humans, we conducted a multicenter, randomized, double-
blind, placebo-controlled study of the FGF19 variant NGM282
(N1–15 in Fig. 2G–I, also known asM70 [25]) in patients with
type 2 diabetes.

A total of 81 patients were randomly assigned to receive
daily doses of either NGM282 2 mg (n = 21), NGM282
5 mg (n = 20), NGM282 10 mg (n = 20), or placebo (n = 20)
(Fig. 3). The patient characteristics of the study population
are summarized in Table 1. NGM282 was administered
subcutaneously daily for 28 consecutive days. After ran-
domization but before NGM282 dosing, one patient in the
NGM282 5-mg dose group withdrew from the study and
was excluded from the analysis.

In contrast to results obtained from animal models,
administration of NGM282 at any of the tested dose levels
failed to relieve hyperglycemia in patients with type 2 di-
abetes as evidenced by the lack of significant change in
plasma glucose or HbA1c levels (Fig. 4A–C). Improvements
in insulin resistance on the basis of HOMA-IR were
observed in patient cohorts treated with NGM282
5 and 10 mg, with a significant decrease at day 28 in
participants treated with NGM282 10 mg (P , 0.001 vs.
baseline) (Fig. 4D). Levels of fasting insulin and HOMA-
bcf, a surrogate measure of insulin secretion, were de-
creased from baseline in the NGM282 10-mg group (Fig.

4E and F). Mean body weight and fructosamine levels de-
creased in patients treated with NGM282 10mg versus those
administered placebo (Table 2). No significant changes in oral
GGTs were observed in any of the cohorts (Table 2).

Of note, serum levels of liver enzymes and those of ALT,
and AST in particular, were significantly decreased in all
NGM282 treatment groups as early as day 7 and remained
lowered at day 28 (Fig. 4G). Elevated ALT (.40 units/L) in
patients with type 2 diabetes is highly predictive for NASH,
a progressive form of nonalcoholic fatty liver disease
(NAFLD) with risk of cirrhosis and liver failure (26). A dose-
dependent decrease in ALT was observed with NGM282 in
patients with presumptive NASH (ALT .40 units/L at
baseline) (Fig. 4H). No changes in alkaline phosphatase or
g-glutamyl transpeptidase were observed in NGM282-
treated patients.

Given that FGF19 has been shown to control bile acid
metabolism through actions on CYP7A1 (11), the first and
rate-limiting enzyme in the classic pathway of bile acid
synthesis, we conducted an exploratory analysis of serum
levels of C4, a biomarker of hepatic CYP7A1 activity, in
patients treated with the 2- and 5-mg doses of NGM282.
Serum C4 concentrations were suppressed by 70% and 91%
in patients treated with NGM282 2 mg and 5 mg, respec-
tively, indicative of profound target engagement (Fig. 4I).

Figure 3—CONSORT flowchart. In this multicenter, randomized, double-blind, placebo-controlled study in patients with type 2 diabetes,
81 patients were randomized to receive either the FGF19 analog NGM282 at doses of 2mg (n = 21), 5 mg (n = 20), or 10mg (n = 20) or placebo
(n = 20). One participant in the NGM282 5-mg dose group was withdrawn from the study after randomization but before NGM282 dosing for
taking prednisone and was excluded from the analysis.
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Overall, NGM282 appears to be well tolerated in patients
with type 2 diabetes. Although 68 (85%) of the 80 patients
experienced at least one AE, the majority of AEs were limited
to grade 1 events (78%, n = 62). The most commonly reported
AEs (.10%) were diarrhea (32%, n = 26), nausea (32%, n =
26), injection site bruising (18%, n = 14), injection site pruritus
(16%, n = 13), and headache (15%, n = 12) (Supplementary
Table 6). These AEs were reported more frequently in the
NGM282 groups than in the placebo group. Nine participants
withdrew from the study early mostly because of gastrointes-
tinal symptoms (two in the NGM282 2-mg group, three in the
5-mg group, three in the 10-mg group, and one in the placebo
group). No serious AEs, life-threatening events (grade 4), or
patient deaths (grade 5) were reported in any treatment group
during the course of the study.

In summary, administration of NGM282 for 28 days in
patients with type 2 diabetes did not produce a significant
glucose-lowering effect. However, the observed reductions
in ALT, AST, and HOMA-IR and marked suppression of C4
are indicative of potent target engagement.

FGF19 and NGM282 Ameliorates Liver Inflammation
and Fibrosis Associated With NASH
The lack of glucose-lowering activity of NGM282 in pa-
tients with type 2 diabetes suggests that FGF19 signaling

may not be responsible for the rapid diabetes remission
after gastric bypass surgery in humans. However, gastric
bypass surgery’s clinical benefits are not limited to diabetes
remission, but include correction of a wide range of
metabolic dysfunctions, including NASH (27–29). The
observation that C4, ALT, and AST (key parameters rele-
vant to the pathogenesis of NASH) decreased with
NGM282 treatment spurred interest in evaluating the
FGF19 pathway in patients with NASH.

Strikingly, hepatic CYP7A1 expression was significantly
elevated in patients with NASH compared with healthy
subjects in multiple microarray data sets (Fig. 5A). Of note,
lower FGF19 levels, as well as elevated hepatic bKlotho and
FGFR4 expression, were observed in patients with NASH,
suggesting that the FGF19-bKlotho-FGFR4 pathway may
be modulated in a clinically and physiologically relevant
manner in this population (Fig. 5B).

We examined the effect of FGF19 and NGM282 on disease
progression, and liver fibrosis in particular, in a mouse model
of severe NASH (Fig. 5C). Treatment of HFFCD-fed, Fxr-
deficient mice with FGF19 or NGM282 significantly improved
serum levels of ALT and AST and reduced circulating concen-
trations of TBAs (Fig. 5D). Hepatic mRNA levels of bile acid
synthetic enzymes, markers of monocyte/macrophage infiltra-
tion, markers of stellate cell/myofibroblast activation, and

Table 1—Baseline characteristics of patients with type 2 diabetes in a randomized, double-blind, placebo-controlled trial of
NGM282

Placebo
(n = 20)

NGM282 2 mg
(n = 21)

NGM282 5 mg
(n = 20)

NGM282 10 mg
(n = 20)

Age (years) 57.3 6 9.4 59.5 6 6.9 55.9 6 9.0 61.1 6 8.4

Sex
Male 15 (75) 15 (71) 12 (60) 16 (80)
Female 5 (25) 6 (29) 8 (40) 4 (20)

Race
Asian 0 1 (5) 1 (5) 0
Black 0 0 0 0
White 14 (70) 17 (81) 17 (85) 15 (75)
Pacific Islander 0 0 0 1 (5)
Other 6 (30) 3 (14) 2 (10) 4 (20)

Metabolic factors
Glucose (mg/dL) 169.2 6 48.6 163.8 6 27.0 158.4 6 23.4 153.0 6 34.2
HbA1c (%) 7.7 6 0.7 7.5 6 0.7 7.2 6 0.4 7.2 6 0.6
HbA1c (mmol/mol) 83.9 6 7.6 81.8 6 7.6 78.5 6 4.4 78.5 6 6.5
Fructosamine (mmol/L) 288.4 6 47.8 277.2 6 40.0 266.8 6 35.9 269.7 6 32.8
GTT glucose AUC 16.0 6 3.2 15.9 6 2.4 15.6 6 2.2 15.5 6 2.3
GTT insulin AUC 39.5 6 30.7 37.9 6 6.2 53.9 6 29.3 50.2 6 30.5
Insulin (mIU/mL) 13.9 6 8.2 15.4 6 6.0 18.9 6 7.5 17.0 6 9.2
HOMA-IR 4.8 6 3.1 6.2 6 2.5 7.5 6 3.9 6.8 6 5.0
HOMA-bcf 58.1 6 58.0 56.5 6 26.5 67.4 6 26.4 75.4 6 67.4
Weight (kg) 97.6 6 18.6 95.3 6 15.5 95.5 6 14.7 95.7 6 16.0
BMI (kg/m2) 32.4 6 4.8 32.0 6 4.5 32.2 6 3.5 32.1 6 4.6

Liver enzymes (units/L)
ALP 75.0 6 34.3 65.3 6 23.4 65.7 6 16.6 77.9 6 30.6
ALT 33.9 6 16.7 27.6 6 10.6 36.7 6 25.9 34.4 6 19.8
AST 25.1 6 11.4 21.5 6 7.6 27.4 6 14.9 26.4 6 11.5
GGT 60.6 6 104.9 32.5 6 17.3 35.4 6 13.9 53.0 6 36.6

Data are n (%) or mean 6 SD. AUC, area under curve; GGT, g-glutamyl transpeptidase.
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fibrosis were notably decreased by FGF19 or NGM282 treat-
ment (Fig. 5E–H). Morphometric quantification of Sirius red–
stained collagen area revealed evidently less fibrosis in
FGF19- or NGM282-treated animals (Fig. 5I and J). Mice
administered FGF19 and NGM282 had lower circulating
insulin, suggestive of improved insulin resistance (Fig.
5K). Overall, FGF19 and NGM282 demonstrated anti-
inflammatory and antifibrotic activities in a mouse model
of NASH in an Fxr-independent manner.

On the basis of the results described above, as well as
studies in HFFCD-fed C57BL/6 mice (30), we conducted
a multicenter, randomized, double-blind, placebo-controlled
study to assess effects of NGM282 in patients with
biopsy-confirmed NASH. As we reported recently (12),
a 12-week treatment with NGM282 produced rapid and
significant reductions in liver fat content, ALT, AST,
and biomarkers of fibrosis in patients with NASH. Impor-
tantly, treatment with NGM282 improved NASH-related

Figure 4—A randomized, double-blind, placebo-controlled trial of the FGF19 analogNGM282 in patients with type 2 diabetes.A: Trial design.
NGM282 was administered daily for 28 consecutive days. B: Fasting blood glucose over time. C: HbA1c levels at baseline (predose on day 1)
and day 28. D: HOMA-IR at baseline and day 28. E: Fasting insulin concentrations at baseline and day 28. F: HOMA-bcf at baseline and day
28. G: Levels of ALT and AST over time. H: Change in ALT from baseline to day 28 in patients with presumptive NASH (ALT .40 units/L at
baseline). I: Serum concentrations of C4 at baseline and day 28 in patients treated with NGM282 2 mg or 5 mg. Data are mean6 SEM. *P,
0.05, **P , 0.01, ***P , 0.001 by paired two-tailed t test. q.d., daily; s.c., subcutaneous.
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histology, including NAFLD activity score and fibrosis
stage, in 12 weeks in patients with NASH (31). Thus,
NGM282 demonstrated remarkable efficacy in improving
the histological and biochemical features of NASH, mim-
icking the beneficial effect of bariatric surgery on allevi-
ating NASH.

DISCUSSION

Although bariatric surgery was initially considered a surgical
procedure to promote nutrient malabsorption, a growing
body of evidence indicates that restriction and malabsorp-
tion are not the primary mechanisms driving the meta-
bolic improvements associated with bariatric surgery. We
identify FGF19 as a gut hormone that is rapidly (i.e., within
7 days) induced by bariatric surgery and, moreover, dem-
onstrate that pharmacological administration of FGF19 or
its analog NGM282 mimics many of the beneficial metabolic
effects of this procedure in animal models and humans.
These findings have important implications for therapies
aimed at simulating bariatric surgery in humans.

Although bile acids and FXR signaling are implicated as the
molecular underpinnings for the beneficial effects of bariatric
surgery (32,33), and the elevated FGF19 concentrations were
observed in patients who underwent the surgery (34–37),
most of these studies examined FGF19 levels in small numbers
of patients or at time points too late to implicate a causative
role of hormonal change in the metabolic effects. Our study is
the first report to our knowledge that has convincingly shown
that FGF19 levels are elevated as early as 7 days postsurgery in
humans, addressing an important knowledge gap in under-
standing the mechanisms for metabolic improvements ob-
served shortly after bariatric surgery.

Despite the impressive metabolic efficacy demonstrated
in preclinical models, as shown in this report and previously

(38,39), safety and ethical concerns have prevented
researchers from testing FGF19 in the clinic, since mice
expressing an FGF19 transgene develop hepatocellular
carcinomas (16). To address these concerns, we used an
unbiased, systematic, in vivo screen to engineer and char-
acterize FGF19 analogs that lack tumorigenic potential
and thereby enable the first-in-human testing of an
FGF19-based therapy. As shown in the current study,
FGF19 dramatically improves glycemic control in multiple
rodent models of diabetes of differing etiology, recapitulat-
ing the rapid, weight loss-independent impact on glycemic
control after gastric bypass surgery in patients with di-
abetes. The antidiabetic effect of FGF19 in these models is
likely mediated by the FGFR1c-bKlotho receptor complex
through its action on the nervous system (40). These results
are also consistent with previous studies demonstrating
that FGF19 increases metabolic rate and reduces adiposity
in mice (38), acts as a postprandial, insulin-independent
activator of hepatic glycogen and protein synthesis (11),
regulates hepatic glucose metabolism by inhibiting the CREB-
peroxisome proliferator–activated receptor g coactivator-1a
pathway (11), and improves glucose effectiveness through
the hypothalamus-pituitary-adrenal axis (41,42). Given that
FGF19 can stimulate adiponectin expression and produc-
tion by adipose tissue (43) and that circulating adiponectin
levels are increased after RYGB (44), it is possible that one of
the mechanisms by which FGF19 and NGM282 improve
NAFLD and NASH is the induction of adiponectin. Indeed,
we have recently reported that selective activation of the
FGFR1-bKlotho complex with an agonistic antibody in-
creased serum adiponectin, and a high-molecular-weight
form of adiponectin in particular, in obese patients (45).

Contrary to expectations from the field, we report here
that the FGF19 analog NGM282 lacks the glucose-lowering
activity so compellingly demonstrated in animal models

Table 2—Change in key outcome measures from baseline to day 28 in a randomized, double-blind, placebo-controlled trial of
NGM282 in patients with type 2 diabetes

Difference in least squares means (95% CI) (NGM282 vs. placebo)

Key outcome measure
NGM282 2 mg

(n = 21) P value
NGM282 5 mg

(n = 19) P value
NGM282 10 mg

(n = 20) P value

Glucose (mg/dL) 0 (212.6, 12.6) 1.00 27.2 (219.8, 9.0) 0.94 27.2 (219.8, 9.0) 0.94

HbA1c (%) 0.25 (0, 0.5) 0.19 0.3 (0, 0.5) 0.19 0 (20.3, 0.4) 0.76

HbA1c (mmol/mol) 2.7 (0, 5.5) 0.19 3.3 (0, 5.5) 0.19 0 (23.3, 4.4) 0.76

Fructosamine (mmol/L) 2.6 (214.3, 19.4) 0.97 21.7 (219.3, 15.9) 0.99 217.7 (235.0, 20.5) 0.043

GTT glucose AUC 0.8 (21.1, 2.6) 0.66 1.0 (21.0, 3.1) 0.46 0.5 (21.5, 2.5) 0.89

GTT insulin AUC 26.0 (212.2, 0.8) 0.22 28.3 (216.7, 22.8) 0.06 27.4 (221.0, 0.8) 0.22

Insulin (mIU/mL) 21.5 (26.7, 3.6) 0.80 21.0 (26.9, 4.8) 0.95 23.7 (29.5, 2.0) 0.28

HOMA-IR 0.9 (21.3, 3.1) 0.60 0.9 (21.5, 3.4) 0.66 20.9 (23.2, 1.4) 0.64

HOMA-bcf 24.5 (216.0, 11.0) 1.00 21.5 (219.0, 17.0) 1.00 213.5 (227.0, 6.0) 0.30

Weight (kg) 20.6 (21.9, 0.6) 0.50 20.7 (22.0, 0.6) 0.46 21.5 (22.8, 20.2) 0.019

SAS 9.4 was used for all analyses. The difference between NGM282 and placebo groups was analyzed using ANCOVA, with treatment
group as a factor and baseline values of the outcome as covariates. All statistical analyses were carried out using two-sided tests at the
5% level of significance. AUC, area under curve.
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Figure 5—FGF19 and NGM282 ameliorates liver inflammation and fibrosis associated with NASH. A: Hepatic CYP7A1 mRNA levels are
elevated in patients with NASH compared with normal subjects. Results from three independent cohorts (Gene Expression Omnibus data
sets GSE89632, GSE48452, and GSE61260) are shown. B: Expression of FGF19 is lower, whereas expression of receptors FGFR4 and
bKlotho (KLB) is higher, in patients with NASH compared with normal subjects. Shown are data from GSE89632. C: Study design. Fxr-
deficient mice were fed an HFFCD to induce NASH. Treatment was initiated after 16 weeks of HFFCD feeding by intravenously (i.v.) injecting
mice with AAV-FGF19, AAV-NGM282, or a control virus AAV-GFP through tail veins. HFFCD feeding was continued for an additional
34 weeks when mice were euthanized for gene expression and histology analysis. D: FGF19 and NGM282 reduce serum concentrations of
ALT, AST, and TBAs (n = 5mice per group). E: FGF19 and NGM282 suppress hepatic expression ofCyp7a1 andCyp8b1 by quantitative PCR
(qPCR) analysis (n = 10 biologically independent samples per group). F: FGF19 andNGM282 inhibit expression of proinflammatory genes (n =
10 biologically independent samples per group). G: FGF19 and NGM282 inhibit expression of markers of stellate cell activation (n =
10 biologically independent samples per group). H: FGF19 and NGM282 reduce expression of fibrosis-related genes (n = 10 biologically
independent samples per group). I: Representative images of livers stained with Sirius red. Sirius red stains collagen red, indicative of liver
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when tested in patients with type 2 diabetes. However,
NGM282 proved highly effective in patients with NASH,
significantly reducing liver fat content (12) and NASH-
related histological features (31). The scale of the effect of
NGM282 and the ability to elicit robust response in nearly
90% of patients indicate that FGF19 may be a key driver of
improvements in fatty liver and NASH by gastric bypass
surgery. Furthermore, NGM282 achieved reductions in
liver fat content more rapidly (260% in liver fat content
after 12-week treatment) than RYGB (273% in liver fat
content 1 year after surgery) (28) or FXR agonist obeti-
cholic acid (217% in liver fat content after 72-week
treatment) (46). We hypothesize that endogenously
mounted FGF19 induction by either RYGB or FXR agonists
requires a longer time to inhibit NASH progression but
that a pharmacological intervention could achieve greater
exposure and a faster, more robust effect. Although NASH
is considered a manifestation of metabolic syndrome in the
liver, whether NASH is a cause or a consequence of type
2 diabetes has long been the subject of debate. The pro-
nounced anti-NASH activity without associated antihyper-
glycemic activity of NGM282 is consistent with genetic
studies suggesting that excess hepatic fat is associated with
progressive liver disease but does not always increase the
risk of type 2 diabetes. Perhaps the deficit in b-cell/islet
function is a predominant underlying factor in hypergly-
cemia that is not corrected by lowering intrahepatic fat and
inflammation. The current trial reminds us of the need for
a careful reexamination of previous conclusions drawn
from animal studies regarding a role for FGF19 in glucose
regulation and that the clinical development of FGF19
analogs should focus instead on liver diseases.

The discovery of NGM282 through an in vivo SAR
screen represents the culmination of years of careful
work that yielded the first FGF19 analog for testing in
humans. Large-scale in vitro biochemical or cell-based
screens with sufficient throughput have been routinely
used to identify new compounds. However, maintaining
relevance to complex disease pathophysiology is challeng-
ing. No single in vitro assay can predict outcomes in
systemic diseases that involve multiple organs, such as
diabetes and cancer. Advances in gene delivery using AAV
enabled us to efficiently evaluate a large number of engi-
neered FGF19 molecules for prolonged periods of time in
mice. The results of our efforts to apply an in vivo ap-
proach as a means of investigating the metabolic and

cancer dependencies of FGF19 demonstrate the feasibility
of systematically dissecting a complex SAR in great detail,
representing new avenues for the development of poten-
tial therapeutics. Results from our in vivo SAR analysis and
structural modeling revealed novel mechanistic insights
consistent with a model that the N-terminus of FGF19 is
intrinsically disordered when unbound but, upon binding
to FGFR, makes close contact with the D3 domain of FGFR.
Changes in amino acid sequence in the N-terminal region
may result in conformational shifts in the ternary FGF19-
bKlotho-FGFR complex that lead to diverse downstream
signaling. This may explain why, unlike wild-type FGF19,
NGM282 does not activate STAT3, a signaling pathway
essential for FGF19-mediated hepatocarcinogenesis. More-
over, we identified a novel region (b8–b9 loop) in FGF19 that
is crucial for both glucoregulatory and tumorigenic activities.

The underlying molecular mechanism contributing to
the benefits of bariatric surgery remains an area of active
investigation. Several potential mechanisms have been
proposed, including an increased secretion of gut hormone
GLP-1 (47). Given the well-established glucose-lowering
effect of GLP-1 analogs in humans, GLP-1 could be the
surgical factor for diabetes remission. However, GLP-1
analogs have failed to demonstrate a robust reduction
in liver fat content to levels that are seen in patients
who had undergone gastric bypass (48,49). In contrast,
although its effect on the regulation of glucose hemostasis
may be limited in humans, FGF19 analog can rapidly and
markedly reduce liver fat content and improve NASH-
related histology. Together, FGF19 and GLP-1 may be
the long-sought-after surgical factors that contribute to
the improvement in fatty liver, NASH, and diabetes by
gastric bypass surgery (Fig. 5L). Loss-of-function studies,
such as those requiring the use of mice deficient in FGF15
(the murine ortholog of FGF19), are needed but challeng-
ing because of species-specific divergent regulation of
metabolism and carcinogenesis by FGF19 and FGF15
(50). Unlike FGF19, FGF15 does not exert glucose-lower-
ing, HbA1c-normalizing effects in diabetic animals. A fur-
ther complication arises from the fact that FGF15-
deficient mice are healthy only when bred on a mixed
background, and crossing to the C57BL/6 strain, the gold
standard in mouse genetic studies, resulted in progressive
loss of homozygous mice. These difficulties pose substan-
tial challenges for the accurate and timely characterization
of loss of function in animal models.

fibrosis. Morphometric quantifications of Sirius red-positive (SR+) area as percentage of total liver area are also shown. Scale bars = 100 mm.
J: Fibrosis scores using Kleiner criteria (n = 5mice per group). K: Serum concentrations of insulin (n = 5mice per group). L: Reprogramming of
intestinal architecture through gastric bypass surgery increases circulating levels of two gut hormones, FGF19 and GLP-1. GLP-1 analogs,
however, have previously failed to demonstrate a robust reduction in liver fat content to levels that are seen in patients who have undergone
gastric bypass, despite its well-established role in glycemic control. Although the effects of FGF19 analog on the regulation of glucose
hemostasis may be limited in humans, it can rapidly and markedly reduce liver fat content and improve NASH-related histology. Together,
FGF19 and GLP-1 may be the long-sought-after surgical factors that contribute to the improvement in fatty liver, NASH, and diabetes by
gastric bypass surgery. Data are mean 6 SEM. *P , 0.05, **P , 0.01, ***P , 0.001 versus GFP by one-way ANOVA with Dunnett multiple
comparison tests.
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In summary, our results demonstrated that the gut
hormone FGF19 likely plays a direct role in the metabolic
improvements observed after gastric bypass surgery, al-
though its effects on the regulation of glucose homeostasis
may be limited in humans. The translation of preclinical
findings is an inherently unpredictable and time-consum-
ing process; great care must be exercised before testing
new drugs in humans. NGM282 has cleared rigorous safety
testing in multiple preclinical species, including nonhuman
primate models. As clinical data are accumulating, it is
emerging that the regulation of metabolism by the FGF19
pathway may be more complex than initially assumed. The
present work has important clinical implications and
advances our understanding of the biological processes
that underlie bariatric surgery. Exploitation of the FGF19
signaling pathway by informed engineering of selective
modulators of the FGFRs could represent a pharmacolog-
ical approach to replacing the bariatric procedure with
equally effective but less invasive treatments.
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