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Introduction

Insulin is a hormone that signals the fed state, promoting a switch
from net glucose production to net glucose uptake and shifting
lipids from lipid metabolism to lipid storage. In adipose tissue,
insulin’s major role is to suppress lipolysis, thus reducing plasma
concentrations of free fatty acid (FFA) and glycerol availability. In
the liver, insulin suppresses glucose production and increases de
novo lipogenesis (DNL) in the presence of carbohydrate precur-
sors (1). Brown and Goldstein first proposed that hepatic insulin
resistance is selective in type 2 diabetes. In the selective insulin
resistance model, the ability of insulin to suppress hepatic glucose
production is impaired, contributing to hyperglycemia, where-
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BACKGROUND. Postreceptor insulin resistance (IR) is associated with hyperglycemia and hepatic steatosis. However, receptor-
level IR (e.g., insulin receptor pathogenic variants, INSR) causes hyperglycemia without steatosis. We examined 4 pathologic
conditions of IR in humans to examine pathways controlling lipid metabolism and gluconeogenesis.

METHODS. Cross-sectional study of severe receptor IR (INSR, n = 7) versus postreceptor IR that was severe (lipodystrophy,
n =14), moderate (type 2 diabetes, n = 9), or mild (obesity, n = 8). Lipolysis (glycerol turnover), hepatic glucose production
(HGP), gluconeogenesis (deuterium incorporation from body water into glucose), hepatic triglyceride (magnetic resonance
spectroscopy), and hepatic fat oxidation (plasma B-hydroxybutyrate) were measured.

RESULTS. Lipolysis was 2- to 3-fold higher in INSR versus all other groups, and HGP was 2-fold higher in INSR and
lipodystrophy versus type 2 diabetes and obesity (P < 0.001), suggesting severe adipose and hepatic IR. INSR subjects had a
higher contribution of gluconeogenesis to HGP, approximately 77%, versus 52% to 59% in other groups (P = 0.0001). Despite
high lipolysis, INSR subjects had low hepatic triglycerides (0.5% [interquartile range 0.1%-0.5%)]), in contrast to lipodystrophy
(10.6% [interquartile range 2.8%-17.1%], P < 0.0001). B-hydroxybutyrate was 2- to 7-fold higher in INSR versus all other
groups (P < 0.0001), consistent with higher hepatic fat oxidation.

CONCLUSION. These data support a key pathogenic role of adipose tissue IR to increase glycerol and FFA availability to the
liver in both receptor and postreceptor IR. However, the fate of FFA diverges in these populations. In receptor-level IR, FFA
oxidation drives gluconeogenesis rather than being reesterified to triglyceride. In contrast, in postreceptor IR, FFA contributes
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as the ability of insulin to stimulate DNL is intact, and in fact is
upregulated by compensatory hyperinsulinemia, contributing to
hypertriglyceridemia and hepatic steatosis (2, 3).

In contrast to type 2 diabetes, inhibition of insulin signaling at
the level of the insulin receptor causes extreme insulin resistance
in all pathways downstream of the insulin receptor. In humans,
this phenomenon clinically manifests in patients with pathogenic
variants of the insulin receptor (INSR) as a phenotype of hypergly-
cemia, with low hepatic and serum triglycerides, presumably from
failure of insulin to stimulate DNL (4). However, although DNL
contributes to excess hepatic and serum triglyceride in insulin-
resistant patients, it is not the major contributor (5). Instead, the
major contributor appears to be reesterification of circulating
FFAs, which are present in high abundance due to failure of insu-
lin to suppress lipolysis. As hepatic reesterification of FFAs is not
thought to be insulin dependent (6), the lack of hepatic steatosis in
rodents and humans with receptor-level insulin signaling defects
suggests either low FFA delivery to the liver due to low lipolysis, or
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Table 1. Baseline characteristics

INSR pathogenic variants, n =7

Age, years 219+6.0 372172
Weight, kg 484 +235 703+18.0
Height, cm 155.7 £ 71 168.2+ 9.1
BMI, kg/m? 196+84 246%49
Fat mass, kg 19+12.8 16.9+£104
Fat-free mass, kg 36.5+ 111 534 +10.2
HbATc, % 82+28 84119
Fasting glucose, mg/dL 12070 159 £55
Fasting insulin, pU/mL 129.0 (81.5-1000) 33.1(18.3-54.6)
Insulin dose, U/kg/day 229+213 26+19
Antidiabetic medication, no. 23+10 1.8+11
Cholesteral, mg/dL 145 + 25 189 + 64
Triglyceride, mg/dL 60 (38-79) 423 (214-1080)
HDL, mg/dL 64 14 27+6
LDL, mg/dL 71(60-86) 71(60-78)
Lipid lowering medication, no. 01+04 1510

Lipodystrophy, n = 14

Type 2 diabetes,n =9 Obesity, n= 8 P
1B3.9+25 153+18 <0.0001*8¢
1071+ 314 954 +19.3 <0.00018°¢
159.6 £12.0 163.3 £+ 11.5 0.055
414+79 35.6+55 <0.00018¢0¢
504 +16.0 391+9.2 <0.00018¢P¢
56.7 £16.7 563+134 0.01340F
74+09 N/A 047
127 +32 91+6 0.022¢
478 (34.7-65.8) 17.6 (12.5-26.1) <0.0001*0¢
None None 0.012
None None 033
N/A N/A 0.1
N/A N/A <0.0001
N/A N/A <0.0001
N/A N/A 0.99
None None 0.0018

Data are mean + SD or median (interquartile range) based on data distribution. P < 0.05 for INSR pathogenic variants versus lipodystrophy. 8P < 0.05 for
lipodystrophy versus type 2 diabetes. ®P < 0.05 for lipodystrophy versus obesity. °P < 0.05 for INSR pathogenic variants versus type 2 diabetes. P < 0.05 for
INSR pathogenic variants obesity. F"Among insulin users only. N/A, not available.

shunting of FFAs in the liver into B-oxidation to drive gluconeogen-
esis, rather than reesterification.

The objectives of the current study were to define the role
of lipolysis in contributing to hepatic glucose production versus
hepatic lipid accumulation in states of receptor-level versus post-
receptor insulin resistance in humans. We studied subjects with
severe receptor-level insulin resistance due to INSR pathogenic
variants, compared with subjects with severe postreceptor insulin
resistance due to lipodystrophy. Additional cohorts with mild to
moderate postreceptor insulin resistance (type 2 diabetes, obesity)
were included for comparison. We hypothesized that both cohorts
with severe insulin resistance (receptor-level and postreceptor)
would have higher whole-body lipolysis compared with the less
insulin-resistant groups (type 2 diabetes and obesity). However, we
further hypothesized that the fate of FFAs in the liver would diverge
in receptor-level versus postreceptor insulin resistance: in subjects
with lipodystrophy, high FFA flux from adipose tissue lipolysis
would thus contribute to both gluconeogenesis and hepatic steato-
sis. By contrast, in subjects with INSR pathogenic variants, FFAs
would be shunted toward B-oxidation, resulting in increased ketone
production and gluconeogenesis, with lack of hepatic steatosis.

Results

Baseline characteristics. Baseline characteristics are given in Table
1. Seven subjects with INSR pathogenic variants, 14 with lipodys-
trophy, 9 adolescents within 2 weeks of diagnosis of type 2 diabe-
tes, and 8 obese nondiabetic adolescents were studied (Figure 1).
Five of 7 subjects with insulin receptor dysfunction had biallelic
pathogenic variants in INSR (resulting in more severe insulin resis-
tance), whereas 2 had monoallelic variants (resulting in less severe
insulin resistance). Four of 14 subjects with lipodystrophy had gen-
eralized lipodystrophy, while 10 had partial lipodystrophy. Genet-
ic details of subjects with lipodystrophy and INSR pathogenic vari-

ants are in Supplemental Table 1 (supplemental material available
online with this article; https://doi.org/10.1172/JCI135431DS1).

Subjects with lipodystrophy were older than the other groups
(mean + SD was 21.9 * 6.0 years for INSR pathogenic variants, 37.2
*17.2 for lipodystrophy, 13.9 * 3.5 for type 2 diabetes, and 15.3 *
1.8 for obesity, P < 0.0001); unadjusted comparisons are present-
ed with age-adjusted analyses in Supplemental Table 2. Subjects
with INSR pathogenic variants and lipodystrophy had lower BMI
compared with subjects with type 2 diabetes and obesity (19.6 *
8.4 kg/m? 24.6 + 4.9 kg/m?, 41.4 + 7.9 kg/m?, 35.6 + 5.5 kg/m?,
P < 0.0001). Likewise, fat mass was lower in subjects with INSR
pathogenic variants and lipodystrophy compared with those with
type 2 diabetes and obesity (11.9 + 12.8 kg, 16.9 +10.4 kg, 50.4 *
16.0 kg, and 39.1 + 9.2 kg, respectively, P < 0.0001).

The 3 groups with diabetes (INSR pathogenic variants, lipodys-
trophy, and type 2 diabetes) did not have statistically different gly-
cemia control as measured by HbAlc (mean range 7.4%-8.4%, P =
0.47). Fasting plasma glucose was higher in subjects with lipodys-
trophy compared with those with obesity but was otherwise com-
parable among groups. Fasting insulin was higher in subjects with
INSR pathogenic variants compared with all other groups. Four of
7 (57%) subjects with INSR pathogenic variants and 9 of 14 (64%)
withlipodystrophy were taking insulin at the time of the study. Insu-
lin doses among insulin users were approximately 10-fold higher
in subjects with INSR pathogenic variants compared with subjects
with lipodystrophy, again consistent with greater insulin resistance
in the INSR group (22.9 + 21.3 U/kg/day vs. 2.6 +1.9 U/kg/day, P =
0.012). The number of antidiabetic medications and use of met-
formin was similar in subjects with INSR pathogenic variants and
lipodystrophy. However, 5 of 7 subjects with INSR pathogenic vari-
ants were taking metreleptin as an experimental drug for diabetes
versus none of the subjects with lipodystrophy. Subjects with type 2
diabetes and obesity were not taking any medications.
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Figure 1. CONSORT flow diagram. Subjects with pathogenic variants of the insulin receptor (INSR), lipodystrophy, type 2 diabetes, and obesity were
recruited in the context of multiple clinical trials. Subjects who received stable isotope tracers for measurement of lipolysis, hepatic glucose production,
and gluconeogenesis were included in this cross-sectional study. *ClinicalTrials.gov identifiers NCT01778556 (study 1) and NCT00001987 (study 2).

Lipolysis was elevated in subjects with severe receptor-level insu-
lin resistance (INSR pathogenic variants). Whole-body lipolysis was
measured as glycerol rate of appearance by infusion of *H,-glycerol
and normalized to body weight. Lipolysis was elevated in subjects
with INSR pathogenic variants compared with all groups with post-
receptor insulin resistance: approximately 2-fold higher than sub-
jects with lipodystrophy and type 2 diabetes, and approximately
3-fold higher than subjects with obesity (P = 0.0001) (Figure 24),
consistent with failure of insulin to suppress lipolysis in the con-
text of severe insulin resistance. The results were unchanged when
glycerol turnover was normalized to fat mass as a measure of adi-
pose tissue lipolysis; however, patients with generalized lipodystro-
phy were outliers in this analysis due to low fat mass (Supplemen-
tal Table 2 and Supplemental Figure 1). Similarly, plasma glycerol
concentrations were approximately 2-fold higher in subjects with
INSR pathogenic variants compared with subjects with obesity
(P = 0.013) and approximately 40% and 80% higher compared
with subjects with type 2 diabetes and lipodystrophy, although the
latter differences were not statistically significant (Figure 2B).

In subjects with INSR pathogenic variants and lipodystrophy,
FFA turnover was measured as palmitate rate of appearance by
stable-isotope infusion of [U-*C ] palmitate normalized to body
weight. There was no difference in palmitate turnover between

jci.org  Volume130  Number7  July 2020

the 2 groups (Figure 2C). Palmitate turnover was not measured
in subjects with type 2 diabetes or obesity. Plasma palmitate con-
centrations were comparable in subjects with INSR pathogenic
variants and lipodystrophy and were higher in subjects with type 2
diabetes compared with those with obesity (Figure 2D). Similarly,
plasma total FFA concentrations were comparable in subjects with
INSR pathogenic variants and lipodystrophy and were higher in
subjects with INSR pathogenic variants and type 2 diabetes com-
pared with those with obesity, and higher in subjects with type 2
diabetes compared with lipodystrophy (Figure 2E).

The contribution of gluconeogenesis to hepatic glucose produc-
tion was higher in receptor-level versus postreceptor insulin resistance.
Hepatic glucose production rates were calculated from glucose
appearance rate measurements under fasting steady-state condi-
tions after the infusion of [6,6-?H,] glucose and were normalized
to body weight. The fraction of glucose derived from gluconeo-
genesis was measured using incorporation of deuterium on new-
ly formed glucose from body water enriched with 2H,O. Absolute
rates of gluconeogenesis and glycogenolysis were calculated from
glucose appearance and fractional gluconeogenesis measure-
ments. Rates of hepatic glucose production were approximate-
ly 2-fold higher in subjects with severe insulin resistance due to
both INSR pathogenic variants and lipodystrophy compared with
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subjects with type 2 diabetes and obesity (Figure 3A, P < 0.0001).
However, subjects with INSR pathogenic variants had a much
higher fractional contribution of gluconeogenesis to hepatic glu-
cose production at approximately 77%, compared with only 52%
to 59% in the other 3 groups (Figure 3B, P = 0.0001). Similarly,
absolute gluconeogenesis rates were highest in subjects with INSR
pathogenic variants: 47% higher than lipodystrophy, and approx-
imately 2-fold higher than type 2 diabetes and obesity (Figure 3C,
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Figure 2. Measures of lipid metabolism. Lipolysis (A), measured as glycerol
rate of appearance (R ) per kilogram of body weight, was highest in sub-

jects with pathogenic variants of the insulin receptor (INSR, black squares)
compared with those with lipodystrophy (white circles), type 2 diabetes (gray
triangles), or obesity (gray diamonds). Similarly, plasma glycerol concentration
(B) was highest in subjects with INSR pathogenic variants, although it was
only significantly different from subjects with obesity. FFA turnover, measured
as palmitate R_per kilogram of body weight (C), plasma palmitate concentra-
tions (D), and total FFA concentrations (E) were comparable in subjects with
INSR pathogenic variants and lipodystrophy. Subjects with type 2 diabetes had
higher palmitate (D) and total FFA (E) compared with those with obesity, and
higher total FFA compared with those with lipodystrophy. Statistical compari-
sons were performed using mixed models with post hoc pairwise comparisons
and Tukey's correction for multiplicity.

P < 0.0001). The absolute glycogenolysis rate in subjects with
lipodystrophy was 2-fold higher than those with INSR pathogenic
variants, type 2 diabetes, and obesity (Figure 3D, P < 0.0001).
The concentration of plasma lactate, a principle substrate
for gluconeogenesis, was approximately 50% higher in subjects
with lipodystrophy and type 2 diabetes compared with those with
INSR pathogenic variants and obesity (P = 0.0067, Figure 3E).
The concentration of plasma alanine, another substrate for gluco-
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neogenesis, was higher in subjects with INSR pathogenic variants
compared with those with obesity (P = 0.011) but was otherwise
comparable across groups (Figure 3F).

Hepatic triglyceride content and fasting plasma triglycerides
were low in severe receptor-level insulin resistance (INSR pathogenic
variants) and high in postreceptor insulin vesistance (lipodystrophy).
Hepatic triglyceride content, measured by proton magnetic reso-
nance spectroscopy, was significantly higher in subjects with lipo-
dystrophy (n = 14) compared with subjects with INSR pathogenic
variants (n = 3) (10.6% [interquartile range 2.8%-17.1%] vs. 0.5%
[interquartile range 0.1%-0.5%], P < 0.0001, Figure 4A), consis-
tent with presence of nonalcoholic fatty liver disease (NAFLD) in
subjects with lipodystrophy, and absence of this condition in those
with INSR pathogenic variants. Hepatic triglyceride content was
not measured in subjects with type 2 diabetes or obesity.

Fasting plasma triglycerides were normal in subjects with INSR
pathogenic variants and markedly elevated in subjects with lipo-
dystrophy (60 mg/dL [interquartile range 38-79 mg/dL] vs. 423
mg/dL [interquartile range 214-1080 mg/dL] , P < 0.0001, Figure
4B). Similarly, HDL was normal in subjects with INSR pathogen-
ic variants and markedly low in subjects with lipodystrophy (64 *
14 vs. 27 = 6 mg/dL, P < 0.0001). Total cholesterol (145 + 25 mg/
dL vs. 189 * 64 mg/dL, P = 0.10) and LDL-cholesterol (71 mg/dL
[interquartile range 60-86 mg/dL] vs. 71 mg/dL [interquartile
range 60-78 mg/dL], P = 0.99) were comparable in subjects with
INSR pathogenic variants and lipodystrophy, respectively. Lipids
were not available in subjects with type 2 diabetes and obesity.

Hepatic fatty acid oxidation was higher in receptor-level versus
postreceptor insulin resistance. p-Hydroxybutyrate, measured by
enzymatic assay, was assessed as a surrogate measure of hepat-
ic fat oxidation. B-Hydroxybutyrate was 4- to 10-fold higher in
subjects with INSR pathogenic variants compared with all other
groups (0.73 mmol/L [interquartile range 0.44-1.26 mmol/L] in
INSR vs. 0.35 mmol/L [interquartile range 0.28-0.43 mmol/L]
in lipodystrophy, 0.10 mmol/L [interquartile range 0.08-0.11
mmol/L] in type 2 diabetes, and 0.11 mmol/L [interquartile range
0.10-0.13 mmol/L] in obesity, P < 0.0001) consistent with higher
hepatic fat oxidation in the INSR group (Figure 4C). Subjects with
generalized lipodystrophy were not outliers in this analysis (Sup-
plemental Figure 3 and Supplemental Table 2).

Lipolysis appears to drive gluconeogenesis, particularly in subjects with
severe receptor-level insulin resistance (INSR pathogenic variants). In the
combined patient population (INSR pathogenic variants, lipodystro-
phy, type 2 diabetes, and obesity), there were significant correlations
between lipolysis (glycerol rate of appearance per kg), f-hydroxybu-
tyrate, gluconeogenesis, and hepatic glucose production (Table 2). In
the combined cohorts of INSR pathogenic variants and lipodystrophy
in whom palmitate flux was measured, palmitate rate of appearance
per kilogram was also a significant predictor of p-hydroxybutyrate,
gluconeogenesis, and hepatic glucose production. Among the sep-
arate subgroups, these correlations were strongest in subjects with
INSR pathogenic variants (e.g., R? 0.56-0.73 for correlations of lipoly-
sis and palmitate rate of appearance with gluconeogenesis and hepat-
ic glucose production). These findings are consistent with a model in
which adipose tissue insulin resistance results in high lipolysis, lead-
ing to increased hepatic delivery of glycerol and FFAs. B-Oxidation of
FFAs both increases p-hydroxybutyrate and drives gluconeogenesis.
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Discussion

In this study, we investigated mechanisms by which insulin reg-
ulates hepatic glucose and triglyceride production in humans
with severe receptor-level insulin resistance (pathogenic vari-
ants of the insulin receptor) compared with severe, moderate,
and mild postreceptor insulin resistance (lipodystrophy, type 2
diabetes, and obesity). We observed elevated lipolysis rates in
subjects with INSR pathogenic variants, with comparable FFA
flux and total FFA levels in subjects with INSR pathogenic vari-
ants and lipodystrophy, consistent with severe insulin resistance.
We also observed higher hepatic glucose production, consistent
with higher hepatic insulin resistance, in subjects with both INSR
pathogenic variants and lipodystrophy compared with subjects
with type 2 diabetes and obesity. However, subjects with INSR
pathogenic variants had a markedly higher contribution of glu-
coneogenesis to hepatic glucose production. The high gluconeo-
genesis rate in subjects with INSR pathogenic variants appeared
to be driven by high lipolytic rates, leading to increased glycerol
availability as a substrate for gluconeogenesis. Despite high glyc-
erol and FFA availability due to high lipolysis, subjects with INSR
pathogenic variants had low hepatic and circulating triglycerides.
The coexistence of increased lipolysis, high hepatic gluconeogen-
esis, and low hepatic triglycerides in subjects with INSR patho-
genic variants suggests that glycerol and FFA from lipolysis drive
hepatic gluconeogenesis and not hepatic lipogenesis in these sub-
jects with severe receptor-level insulin resistance.

These data provide direct kinetic evidence in humans to sup-
port nonselective insulin resistance in this population. By contrast,
our data in subjects with severe postreceptor insulin resistance
due to lipodystrophy suggest that glycerol and FFA from lipolysis
stimulates both hepatic gluconeogenesis and hepatic triglyceride
accumulation. These clinical data provide further evidence to sup-
port the concept of selective hepatic insulin resistance in subjects
with lipodystrophy proposed by Brown and Goldstein (2), such that
insulin’s action to suppress hepatic glucose production is impaired,
whereas insulin’s action to stimulate hepatic lipogenesis remains
intact, and is stimulated by the presence of hyperinsulinemia.

Insulin and regulation of hepatic glucose production. Insulin has
direct effects on the hepatocytes to suppress gluconeogenesis,
largely mediated by FOXO transcription factors and cyclic AMP
response element-binding protein (CREB) transcriptional com-
plex (7-9). However, multiple rodent studies support the concept
that insulin’s action to suppress gluconeogenesis is largely indirect
and is mediated by suppression of adipose tissue lipolysis (10-12).
Suppression of lipolysis reduces glycerol availability, which is a
direct substrate for gluconeogenesis. Suppression of lipolysis also
reduces FFA availability. FFA is oxidized in the hepatocyte to mito-
chondrial acetyl coA, which allosterically activates pyruvate car-
boxylase, thus increasing gluconeogenesis (1). Our data in humans
with INSR pathogenic variants provide strong support for this
model. In these subjects, higher lipolysis rates were observed com-
pared with subjects with obesity, type 2 diabetes, or lipodystrophy,
presumably due to the severe impairment in insulin signaling in
adipose tissue. The resultant increase in glycerol and FFA avail-
ability is presumably driving the elevated rates of gluconeogene-
sis observed in these subjects, as insulin cannot directly suppress
gluconeogenesis in the hepatocytes due to the mutation of the
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Figure 3. Measures of glucose metabolism. Hepatic glucose production (A), measured as glucose rate of appearance per kilogram of body weight, was
higher in subjects with pathogenic variants of the insulin receptor (INSR, black squares) and lipodystrophy (white circles) compared with those with type
2 diabetes (gray triangles) and obesity (gray diamonds). The percentage of hepatic glucose derived from gluconeogenesis (fractional gluconeogenesis), as
well as absolute rates of gluconeogenesis and glycogenolysis, were measured using incorporation of deuterium into newly formed glucose after labeling
of body water with 2H,0. Fractional gluconeogenesis (B) was higher in subjects with INSR pathogenic variants compared with all other groups. Accordingly,
the absolute rate of gluconeogenesis (C) was highest in subjects with INSR pathogenic variants. The absolute rate of glycogenolysis (D) was highest in
subjects with lipodystrophy. Plasma lactate (E), a substrate for gluconeogenesis, was highest in subjects with lipodystrophy, whereas plasma alanine (F),
another gluconeogenic substrate, was highest in subjects with INSR pathogenic variants. Statistical comparisons were performed using mixed models

with post hoc pairwise comparisons and Tukey’s correction for multiplicity.
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Figure 4. Measure of hepatic and plasma fat, and hepatic fatty acid oxidation. Hepatic triglyceride content (A), measured using magnetic resonance
spectroscopy, and plasma triglycerides (B) were normal in subjects with pathogenic variants of the insulin receptor (INSR, black squares), and elevated,
consistent with nonalcoholic fatty liver disease and severe dyslipidemia, in subjects with lipodystrophy (white circles). Plasma B-hydroxybutyrate (C), a
measure of hepatic FFA oxidation, was higher in subjects with INSR pathogenic variants compared with all other groups, including lipodystrophy, type
2 diabetes (gray triangles), and obesity (gray diamonds). Statistical comparisons were performed using mixed models with post hoc pairwise compari-

sons and Tukey's correction for multiplicity.

insulin receptor. Plasma lactate was lower in subjects with INSR
pathogenic variants compared with those with severe postrecep-
tor insulin resistance due to lipodystrophy. This may be caused by
increased lactate utilization as a substrate for gluconeogenesis;
however, lactate flux measurements were not available to support
this hypothesis. Although absolute gluconeogenesis was elevated
in subjects with INSR pathogenic variants compared with all other
groups, absolute rates of glycogenolysis did not differ from sub-
jects with type 2 diabetes or obesity. This suggests that high gluco-
neogenesis is the major driver of high hepatic glucose production
in subjects with INSR pathogenic variants. However, one may still
consider that glycogenolysis is low in subjects with INSR patho-
genic variants relative to their degree of hyperinsulinemia. Low-
er glycogenolysis rates in subjects with INSR pathogenic variants
may be due to failure of insulin to generate the expected amount
of glycogen in the postprandial state. Unfortunately, postprandial
liver imaging for measurement of hepatic glycogen content was
not available in this study to test this hypothesis.

jci.org  Volume130  Number7  July 2020

In this study, we explored the mechanisms that may lead to
increased hepatic triglyceride in insulin-resistant states. Consistent
with prior observations, our subjects with postreceptor insulin resis-
tance due to lipodystrophy had markedly elevated hepatic triglycer-
ide (13-16), whereas subjects with receptor-level insulin resistance
due to INSR pathogenic variants did not develop hepatic steatosis
despite extreme insulin resistance and hyperinsulinemia (4, 16, 17).
Hepatic triglyceride accumulation is mainly derived from 3 sourc-
es: hepatic de novo lipogenesis from carbohydrate precursors, FFAs
released from adipose tissue lipolysis, and dietary fatty acids (18).
In subjects with obesity-associated NAFLD and lipodystrophy, the
rate of de novo lipogenesis is elevated and contributes to hepatic
triglyceride accumulation (17, 19, 20). Insulin has direct effects to
upregulate transcription of several genes promoting de novo lipo-
genesis (SREBP-Ic, FAS, ACC, SCD], lipin 1), and activates enzymes
involving lipogenic pathways (1, 21). Overnutrition can stimulate
de novo lipogenesis by increasing carbon precursors, by increasing
insulin stimulation of lipogenic pathways, or both. A study from the
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Table 2. Correlations among metabolic variables

Response variable

appears to be the major mechanism

leading to hepatic steatosis in humans

with postreceptor insulin resistance.
Rodent studies suggest that hepatic

Predictor Cohort(s) r/P B Hy(dnrlt::l(ty’:llltt)yrate ((]E;;l};ﬁgjl{';els's Hepa(t:i rilglclo;s(; %?i(:]l;ctmn FFA reesterifica ti.on is insulin ifl c'iepf:n-
dent (6). If hepatic FFA reesterification
Glycerol R, Al r 0.645 0.808 0.625 in humans is independent of insulin
(pumol/kg/min) P <0.0001 <0.0001 <0.0001 receptor signaling, the high lipolytic
INSR r 0.814 0.791 0.855 rates with increased FFA availability in
P 0.026 0.034 0.014 subjects with INSR pathogenic variants
MRy U U LB should lead to increased hepatic FFA
Type 2 diabetes ’: [[])g?: _D[ﬂfa _g;és reesterificati(?n and' hepatic steatosis.
p 016 020 035 Our ob'servanons of mc.reas.ed glu'conf:—
Obesity , 0146 0.050 0126 ogenesis and low hepatic triglyceride in
p 073 0.91 077 subjects with INSR pathogenic variants
suggest that FFA delivered to the liver
Palmitate R, Al r 0.502 0.715 0.607 in these subjects is directed into mito-
(pmol/kg/min) P 0.023 0.001 0.006 chondrial B-oxidation, thus driving glu-
b5 d b L e coneogenesis, rather than reesterified to
. P 0.052 0.038 0.031 triglyceride. Supporting this hypothesis,
Lipodystrophy ~ r -0.262 0.642 0.355 b-hydroxybutyrate, which is only gen-
P 041 0.024 0.26 . A

erated by hepatic p-oxidation, was ele-
B-Hydroxybutyrate All r 0.764 0.643 vated in subjects with INSR pathogenic
(mmol/L) P <0.0001 <0.0001 variants compared with all other groups.
INSR r 0.558 0.688 The molecular switch point routing
P 013 0.088 cytosolic FFA into either B-oxidation or
Lipodystrophy -0.269 -0453 reesterification is movement of cytosolic
: & D i FFA into mitochondria (18). Transport
Type 2 diabetes 1 0.030 0151 of FFA into the mitochondria is regulat-
. P 0.54 062 ed by malonyl CoA, such that increased

Obesity r 0.071 -0.373 . .
p 087 036 malonyl CoA inhibits FFA transport into

INSR, pathogenic variants in the insulin receptor; R , rate of appearance. Bold type indicates statistically

significant associations.

mitochondria (23). In the fed state and
during de novo lipogenesis, malonyl
CoA levelsrise, thus increasing the cyto-

Biddinger lab showed that, in insulin-sensitive rodents, physiologic
induction of lipogenic pathways in the liver (e.g., SREBP-Ic tran-
scription) was activated by feeding and was not dependent on insu-
lin. However, in obesity-induced insulin resistance, the pathological
induction of SREBPI¢ and other lipogenic genes that is needed to
develop NAFLD or hypertriglyceridemia was insulin dependent
(22). Furthermore, de novo lipogenesis rates are low in subjects with
INSR pathogenic variants, comparable to healthy, insulin-sensitive
controls (17). These observations are consistent with the selective
insulin resistance model proposed by Brown and Goldstein, in
which pathologic hyperinsulinemia drives hepatic de novo lipogen-
esis in obesity-associated, postreceptor insulin resistance.
Although increased de novo lipogenesis plays an important
role in obesity-associated NAFLD, the dominant contributor to
hepatic triglyceride accumulation was found to be hepatic rees-
terification of FFAs derived from adipose tissue lipolysis (5). In
subjects with NAFLD, approximately 26% of hepatic and VLDL
triglyceride are derived from de novo lipogenesis, whereas approx-
imately 60% arose from circulating FFAs (presumably derived
from adipose tissue) and 15% from the diet. Thus, adipose tissue
insulin resistance with the resultant increase in FFA availability

solic FFA pool. Cytosolic FFA is then

esterified with glycerol to form triglycer-

ide (24). Thus, we speculate that, in subjects with INSR pathogenic
variants, lack of insulin stimulation of de novo lipogenesis results in
lower malonyl CoA. This would lead to increased FFA transport into
mitochondria, increased B-oxidation of FFA, and stimulation of glu-
coneogenesis. An alternative explanation for low hepatic triglyceride
in subjects with INSR pathogenic variants is increased hepatic tri-
glyceride export in VLDL. Although VLDL secretion was not direct-
ly measured in this study, subjects with INSR pathogenic variants
had low circulating triglycerides, which does not support increased
VLDL secretion as a mechanism for low hepatic triglyceride content.
The strength of this study is the use of human models of
severe insulin resistance at the receptor and postreceptor lev-
els to characterize the fates of products of lipolysis in the liver.
Due to the rarity of these subjects, prior studies have largely
been limited to rodent models and mild forms of postreceptor
insulin resistance in humans, such as obesity and NAFLD. Lipo-
dystrophy and insulin receptor pathogenic variants are very
rare conditions, and it is not possible to control for all variables
in clinical studies. As a result, there was heterogeneity of etiol-
ogy and severity among subjects with severe insulin resistance
syndromes in this study, as well as baseline differences in age,
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body composition, and medication treatment among the patient
cohorts. Sensitivity analyses adjusting for age differences among
groups did not meaningfully alter the results (Supplemental
Table 2). However, this approach has limited statistical validity
due to the small overlap in ages between groups. While there
were differences between cohorts in medication use (in partic-
ular, no medications in those with type 2 diabetes or obesity vs.
multiple medications in those with INSR pathogenic variants and
lipodystrophy), these medications are unlikely to account for the
worse metabolic parameters seen in the latter groups (Supple-
mental Table 3). Instead, greater medication use in these groups
is an attempt to control more severe metabolic dysregulation. In
particular, use of metformin (which lowers hepatic glucose pro-
duction) in all subjects with INSR pathogenic variants and 86% of
subjects with lipodystrophy cannot account for the higher hepat-
ic glucose production seen in these groups. Similarly, the higher
use of lipid-lowering drugs in subjects with lipodystrophy cannot
account for the higher circulating and hepatic triglycerides seen
in this group. The differences in body composition, particularly
fat mass, among groups requires careful interpretation. Glycer-
ol R is typically normalized to fat mass to provide a measure of
adipose tissue lipolysis. However, because patients with general-
ized lipodystrophy have very low fat mass, most lipolysis in these
patients is likely occurring in extra-adipose sites. Moreover,
measurement of fat mass by dual-energy x-ray absorptiometry
cannot distinguish between lipid in adipose tissue versus lipid in
ectopic sites. We therefore normalized glycerol and palmitate R,
to total body mass as measures of total body lipolysis and FFA
turnover and performed sensitivity analyses normalizing these
measures to fat mass and excluding patients with generalized
lipodystrophy (Supplemental Table 2 and Supplemental Figure
1). All of these analyses showed higher lipolysis and FFA turn-
over in patients with INSR pathogenic variants, supporting the
unique pathophysiology in this cohort. An additional limitation is
that quantification of hepatic triglyceride content was available
in only 3 subjects with INSR pathogenic variants, and in none of
the subjects with type 2 diabetes or obesity. However, our finding
of low hepatic triglyceride in the INSR pathogenic variant cohort
is consistent with a prior publication (17). Finally, it would have
been informative to measure de novo lipogenesis in this study;
unfortunately, these measures were not available.

In conclusion, our data support a key pathogenic role of adi-
pose tissue insulin resistance to increase glycerol and FFA avail-
ability to the liver in subjects with both postreceptor and recep-
tor-level insulin resistance. However, the fate of FFA and glycerol
diverges in these 2 populations. Our data support a model in which,
in subjects with receptor-level insulin resistance, FFA is selectively
directed toward p-oxidation, thus driving gluconeogenesis, rather
than reesterified to hepatic triglyceride. By contrast, in our mod-
el, FFA derived from lipolysis in subjects with postreceptor insulin
resistance both contributes to hepatic triglyceride accumulation
and drives gluconeogenesis. Insulin is well established as a stimu-
lator of de novo lipogenesis, and in subjects with postreceptor insu-
lin resistance, hyperinsulinemia increases de novo lipogenesis per
the selective insulin-resistance model of Brown and Goldstein (2).
However, non-insulin-dependent reesterification of FFA derived
from adipose tissue lipolysis has been shown to be the major
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mechanism contributing to hepatic steatosis in insulin-resistant
states. Our data showing lack of hepatic triglyceride accumulation
despite high FFA availability in subjects with receptor-level insulin
resistance suggest that insulin is indirectly required for accumu-
lation of hepatic triglyceride from hepatic FFA reesterification.
We hypothesize that stimulation of de novo lipogenesis by hyper-
insulinemia in postreceptor insulin resistance leads to increased
hepatic malonyl CoA, thus directing FFAs away from p-oxidation
and gluconeogenesis and toward reesterification. Further mecha-
nistic studies are needed to test this hypothesis.

Methods

Subjects. Subjects with pathogenic variants of the insulin receptor
(INSR), lipodystrophy, type 2 diabetes, and obesity were recruited
in the context of multiple clinical trials. Subjects with lipodystrophy
were recruited and studied between 2013 and 2016 (NCT01778556,
NCT00001987), and those with INSR pathogenic variants during
2016 (NCT02457897) at the NIH. Subjects who received stable isotope
tracers for measurement of lipolysis, hepatic glucose production, and
gluconeogenesis were included in this cross-sectional study. Subjects
with lipodystrophy included in this analysis were naive to metreleptin.
Subjects continued their preadmission medications throughout the
study, including oral hypoglycemic agents, lipid-lowering medica-
tions, and other medications either related or unrelated to lipodystro-
phy and its complications. Subjects with newly diagnosed type 2 dia-
betes and obese adolescent subjects without diabetes were enrolled in
a study during 2012 at Texas Children’s Hospital (25). Type 2 diabetes
was diagnosed based on American Diabetes Association criteria (26).
All subjects with type 2 diabetes were newly diagnosed and naive to
insulin, oral hypoglycemic agents, and lipid-lowering medications.
Subjects with obesity were matched for age and BMI, and diabetes
was excluded using a 75 g oral glucose tolerance test using American
Diabetes Association criteria.

Laboratory assays. In subjects with lipodystrophy and INSR patho-
genic variants, glucose, insulin, triglyceride, total cholesterol, LDL,
HDL, FFA, and HbAlc were measured using the standard techniques
of the NIH Clinical Center after an 8- to 12-hour fast. In subjects with
type 2 diabetes and obesity, insulin, FFA, and HbAlc (in subjects with
diabetes) were measured as previously reported (25). Additional blood
samples for measurement of palmitate, glycerol, lactate, alanine, and
B-hydroxybutyrate were frozen at -80°C before analysis; these assays
were performed in the same laboratory for all subjects.

Plasma palmitate concentration was measured using ultra per-
formance liquid chromatography tandem mass spectrometry (UPLC-
MS/MS) using a Thermo Fisher Scientific Vanquish UPLC with a
Thermo Fisher Scientific Altis triple-quadrupole mass spectrometer
with heated electrospray ionization (HESI-II) in negative ion mode.
Quantitation of palmitate was based on mass fragmentation, mass
selectivity, and retention time. Plasma glycerol concentration was
measured using UPLC high-resolution accurate mass spectrome-
ter (HRMS) using a Thermo Fisher Scientific Vanquish UPLC and a
Thermo Fisher Scientific QExactive HRMS with HESI-II in negative
ion mode (2500 V). Quantitation of glycerol was based on 91.0388
m/z and the internal standard *C,-glycerol based on 92.0333 m/z
measured at 70,000 mass resolution. Plasma lactate concentration
was measured using a Yellow Springs Instrument 2900 Biochemis-
try Analyzer. Plasma alanine concentration was measured via NMR
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spectroscopy using the 400-MHz proton Vantera Clinical Analyz-
er with LP4 deconvolution algorithm as previously described (27).
B-Hydroxybutyrate was measured in plasma after a 10- to 12-hour
fast using an enzymatic assay with colorimetric detection (Cayman
Chemical). The intraassay and interassay coefficients of variation
were 3.4% and 3.7%, respectively.

Tracer dilution studies. Following a 10- to 12-hour fast, stable
isotope tracers (Cambridge Isotope Laboratories) were used to mea-
sure glucose and glycerol turnover (all patient groups), and palmi-
tate turnover (in subjects with lipodystrophy and INSR pathogenic
variants) using the tracer dilution method. One catheter was insert-
ed into the forearm vein to infuse stable isotopically labeled tracers.
A second catheter was inserted into a vein in the contralateral hand
or arm to obtain blood samples. A primed, continuous [6,6-*H,] glu-
cose infusion was given for 3 hours in subjects with lipodystrophy
and INSR pathogenic variants, and for 5 hours in subjects with type
2 diabetes and obesity. A primed, continuous *H,-glycerol infusion
was given for 1 hour in subjects with lipodystrophy and INSR patho-
genic variants, and for 5 hours in subjects with type 2 diabetes and
obesity. In subjects with lipodystrophy and INSR pathogenic vari-
ants, an unprimed [U-“Cm] palmitate infusion was given for 1 hour.
After these equilibration periods, blood samples to measure isotope
enrichment were obtained every 10 minutes over a period of 30
minutes at steady state.

In subjects with lipodystrophy and INSR pathogenic variants,
enrichments of [6,6-?H,] glucose, *H,-glycerol, and [U-C, ] palmi-
tate were measured by liquid chromatography mass spectrometry as
previously published (28). In subjects with type 2 diabetes and obesi-
ty, enrichments of [6,6->H,] glucose and ?H_-glycerol were measured
using gas chromatograph mass spectrometry as previously pub-
lished (25). Validation of the comparability of these techniques was
performed in a separate group of subjects (our unpublished obser-
vations). The turnover rate (rate of appearance) of glucose, glycer-
ol, and palmitate was calculated by measuring isotope enrichment
using the single pool model (29).

Fractional gluconeogenesis (i.e., the fraction of glucose derived
from gluconeogenesis) was measured after the oral administration of
deuterated water (*H,0) as previously published (30). A total of 3 g/kg
lean body mass of ?H,0 was given in 3 or 4 divided doses between 9
pm and 3 amin order to enrich the subject’s body water pool to approx-
imately 0.3% 2H,O (25). Since body water serves as the precursor pool
for deuterium, the average deuterium enrichment on glucose carbons
(C-1,3,4,5,6,6) derived from body water during the gluconeogenic
process is a measure of gluconeogenesis (29). Briefly, this method
involves preparation of the pentaacetate derivative of glucose, fol-
lowed by sample analyses using gas chromatography mass spectrom-
etry in the positive chemical ionization mode (6890/5973, Agilent
Technologies). Deuterium enrichment in plasma water was deter-
mined by isotope ratio mass spectrometry (Delta"XL IRMS, Thermo
Finnigan) at Baylor College of Medicine for all subjects. The absolute
rate of gluconeogenesis was calculated as the product of total glucose
appearance rate and fractional gluconeogenesis. Glycogenolysis rate
was calculated by subtracting the rate of gluconeogenesis from the
glucose production rate.

Hepatic triglyceride content. Hepatic triglyceride content was mea-
sured by proton nuclear magnetic resonance spectroscopy (MRS) as
previously described (31). In subjects with lipodystrophy, MRS was
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performed at the same visit as studies of gluconeogenesis and glycog-
enolysis. In subjects with INSR pathogenic variants, liver spectrosco-
py was performed 29 to 33 months after studies of gluconeogenesis
and glycogenolysis; only 3 of the 7 subjects were available to have liver
spectroscopy performed.

Body composition. Fat mass and fat-free mass were measured by
dual energy x-ray absorptiometry as reported (25, 28, 32).

Statistics. Statistical analyses were performed using GraphPad
Prism version 8 (GraphPad Software) and SAS Enterprise Guide ver-
sion 7.1. For continuous outcomes, normally distributed data are
reported as the mean + SD and nonnormally distributed data are
reported as the median (interquartile range). For comparisons of con-
tinuous outcomes between subjects with INSR pathogenic variants,
lipodystrophy, type 2 diabetes, and obesity, mixed models were per-
formed with post hoc pairwise comparisons and Tukey’s correction
for multiplicity. Sensitivity analyses were conducted for each model
with the addition of age as a covariate and excluding patients with
generalized lipodystrophy (Supplemental Table 2). Graphs highlight-
ing data from patients with generalized lipodystrophy are shown in
Supplemental Figures 1-3. Correlations among metabolic variables
were assessed using Pearson correlations. Nonnormally distributed
variables were log-transformed before analysis. P values of less than
0.05 were considered statistically significant. All statistical tests were
2-sided. No sample size calculations were performed.

Study approval. Studies in subjects with lipodystrophy (NCT-
01778556, NCT00001987) and INSR pathogenic variants (NCT-
02457897) were approved by the NIH Institutional Review Board. Stud-
iesin subjects with type 2 diabetes and obese adolescent subjects without
diabetes were approved by the Baylor College of Medicine Institutional
Review Board. All subjects or their legal guardians provided written con-
sent, and minors provided written assent, before inclusion.
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