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We recently reported that in rodent models of type 2
diabetes (T2D), a single intracerebroventricular (icv) in-
jection of fibroblast growth factor 1 (FGF1) induces re-
mission of hyperglycemia that is sustained for weeks. To
clarify the peripheral mechanisms underlying this effect,
we used the Zucker diabetic fatty fa/fa rat model of T2D,
which, like human T2D, is characterized by progressive
deterioration of pancreatic B-cell function after hyper-
glycemia onset. We report that although icv FGF1 in-
jection delays the onset of 3-cell dysfunction in these
animals, it has no effect on either glucose-induced in-
sulin secretion or insulin sensitivity. These observations
suggest that FGF1 acts in the brain to stimulate insulin-
independent glucose clearance. On the basis of our
finding that icv FGF1 treatment increases hepatic glu-
cokinase gene expression, we considered the possibility
that increased hepatic glucose uptake (HGU) contributes
to the insulin-independent glucose-lowering effect of icv
FGF1. Consistent with this possibility, we report that icv
FGF1 injection increases liver glucokinase activity by
approximately twofold. We conclude that sustained re-
mission of hyperglycemia induced by the central action
of FGF1 involves both preservation of -cell function and
stimulation of HGU through increased hepatic glucoki-
nase activity.

Unlike other therapies for type 2 diabetes (T2D), re-
mission of hyperglycemia lasting for weeks or longer
can be induced by a single intracerebroventricular (icv)
injection of fibroblast growth factor 1 (FGF1) (1). Al-
though this prolonged antidiabetic effect of icv FGF1 was
observed in both ob/ob mice and Zucker diabetic fatty
fa/fa (ZDF) rats, it lasted longer (>4 months) in the
former than in the latter animals (~4 weeks), potentially
owing to the progressive deterioration of B-cell function
characteristic of ZDF rats after hyperglycemia onset (2).
Because this deterioration does not occur in ob/ob mice
(on the C57BL/6 background), the ZDF rat model more
closely approximates human T2D, which is also charac-
terized by a progressive loss of B-cell function and mass
over time (3).

We therefore selected the ZDF model for the current
studies, which were undertaken to identify peripheral
mechanisms responsible for sustained glucose lowering
induced by the central action of FGF1. Our results
suggest that in these animals, icv FGF1 injection induces
remission of hyperglycemia both by delaying the onset
of B-cell failure and by increasing hepatic glucose uptake
(HGU) through increased hepatic glucokinase (GCK)
activity.

University of Washington Medicine Diabetes Institute, Department of Medicine,
University of Washington, Seattle, WA

2Gastroenterology and Hepatology, Department of Pediatrics, University of Wash-
ington, Seattle, WA

3Department of Physiology, Institute for Diabetes, Obesity and Metabolism,
Perelman School of Medicine, University of Pennsylvania, Philadelphia, PA
“Novo Nordisk A/S, Mélgv, Denmark

5New Bolton Center, School of Veterinary Medicine, University of Pennsylvania,
Philadelphia, PA

SDiabetes and Obesity Research Institute, Cedars-Sinai Medical Center, Los
Angeles, CA

7Department of Oral Health Sciences, School of Dentistry, University of Wash-
ington, Seattle, WA

8Department of Molecular Physiology and Biophysics, Vanderbilt University School
of Medicine, Nashville, TN

Corresponding author: Michael W. Schwartz, mschwart@u.washington.edu
Received 3 May 2018 and accepted 29 October 2018

This article contains Supplementary Data online at http://diabetes
.diabetesjournals.org/lookup/suppl/doi:10.2337/db18-0498/-/DC1.

© 2018 by the American Diabetes Association. Readers may use this article as
long as the work is properly cited, the use is educational and not for profit, and the
work is not altered. More information is available at http://www.diabetesjournals.
org/content/license.

See accompanying article, p. 476.


https://doi.org/10.2337/db18-0498
http://crossmark.crossref.org/dialog/?doi=10.2337/db18-0498&domain=pdf&date_stamp=2019-01-31
mailto:mschwart@u.washington.edu
http://diabetes.diabetesjournals.org/lookup/suppl/doi:10.2337/db18-0498/-/DC1
http://diabetes.diabetesjournals.org/lookup/suppl/doi:10.2337/db18-0498/-/DC1
http://www.diabetesjournals.org/content/license
http://www.diabetesjournals.org/content/license

diabetes.diabetesjournals.org

RESEARCH DESIGN AND METHODS

Animals

All procedures were performed in accordance with the
National Institutes of Health Guide for the Care and Use of
Laboratory Animals and were approved by the institutional
animal care and use committee at the University of Wash-
ington. Animals were individually housed under specific-
pathogen—free conditions in a temperature-controlled room
with a 12:12-h light:dark cycle and provided with ad libitum
access to water and Purina 5008 chow (Animal Specialties,
Inc.). Six-week-old male ZDF rats (ZDF—Leprf %/Crl) and
lean controls (ZDL-Lean fa/+) were purchased from Charles
River Laboratories and studied once their blood glucose (BG)
levels exceeded 250 mg/dL (age ~8 weeks). Study groups
were matched for age, body weight (BW), and BG levels.

Surgery

Rats underwent surgical implantation of an indwelling
lateral ventricle cannula as previously described (1).
Both the carotid artery and the internal jugular vein
were cannulated during the same surgical session using
established methods (4). Animals were allowed to recover
for 7 days before study. Animals whose food intake (FI),
BW, or BG had not returned to baseline 7 days after
surgery were excluded.

icv Injections

Animals received a single icv injection of either saline
vehicle (Veh) or recombinant rat FGF1 (FGF1; ProSpec-
Tany TechnoGene Ltd.), which was dissolved in sterile
water at a concentration of 1 wg/iL and injected over 60 s
in a volume of 3 pL (total dose 3.0 ng).

Frequently Sampled Intravenous Glucose Tolerance
Test

Blood sampling was performed through an arterial cath-
eter in unrestrained, conscious animals as previously de-
scribed (1,5). After a 5-h fast, baseline fasting blood
samples were drawn at —10 and O min. After a bolus of
50% dextrose (1 g/kg BW) was injected intravenously (iv)
over a period of 15 s, blood (20 wL) was sampled for serial
measurement of glucose using a GM9D Analox analyzer
(Analox Instruments Ltd.) and for subsequent assay of
plasma insulin and lactate levels.

Minimal Model Analysis and Calculations

Plasma insulin and BG profiles during each frequently
sampled intravenous glucose tolerance test (FSIGT) were
analyzed using MinMod software to quantify insulin-
independent glucose disposal (referred to as glucose ef-
fectiveness [GE] [Sg]) and insulin sensitivity (S;) as pre-
viously described (1,5) and recently validated in rats (6).
The acute insulin response to glucose (AIRg) was calculated
as the mean increment above basal insulin values mea-
sured between t = 0 and 4 min. Glucose tolerance was
estimated from the incremental area under the glucose
curve (AUCglucose) during the FSIGT.
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Lactate Kinetics and Hepatic GCK Activity Calculations
Modeled liver GCK activity (Kgx), glycolysis, and whole-
body lactate clearance were estimated by analyzing the
kinetic relationship between plasma glucose and lactate
levels obtained during the FSIGT as previously described
(7). Because of the reduced sampling number taken in
rodents, glycolysis was fixed to a standard value, rather
than estimated, to facilitate the parameter estimation.

Direct measurement of liver GCK activity was per-
formed on liver samples that were immediately frozen
in liquid nitrogen and subsequently homogenized in
50 mmol/L HEPES, 100 mmol/L KCl, 1 mmol/L EDTA,
5 mmol/L MgCl,, and 2.5 mmol/L dithioerythritol (8).
GCK activity was measured in the supernatant fraction
after centrifugation as previously described (8).

Intravenous Insulin Tolerance Test

After a 1-week recovery from the FSIGT study, ZDF rats
fasted for 5 h underwent an intravenous insulin tolerance
test (IVITT). Baseline blood samples and glucometer read-
ings were taken at 0 min, after which animals received an iv
bolus of recombinant rat insulin 2 (0.75 units/kg BW)
(Novo Nordisk A/S). Blood samples were taken through
the arterial catheter at 0, 15, 30, 45, 60, 120, and 180 min
for measurement of glucose using a handheld glucometer.
The extent of insulin-induced glucose lowering was taken
as a measure of whole-body S;.

Euglycemic Clamp

Two weeks after icv FGF1 injection (3 j.g) or Veh (when BG
levels were much lower in the former than in the latter
group), ZDF rats bearing catheters in the right-side jugular
vein and left-side carotid artery were subjected to a variable
insulin and glucose infusion protocol designed to ascertain
the level of plasma insulin in Veh-treated ZDF rats re-
quired to match and maintain BG levels to those of icv
FGF1l-treated ZDF rats. After a 5-h fast, baseline blood
samples and glucometer readings were taken at —10 and
0 min, and beginning at t = 0 min, infusions of both
recombinant rat insulin (mU/kg/min; rat insulin 2 synthe-
sized and provided by Novo Nordisk A/S [Supplementary
Data]) and glucose (50% dextrose) (mg/kg/min) were ini-
tiated simultaneously with rates adjusted to clamp BG levels
at 170 mg/dL in both icv Veh- and FGF1-treated rats. Rat
insulin was selected for these studies to ensure that en-
dogenous and infused insulin would be detected in equi-
molar amounts using a rat insulin ELISA. Blood samples
were taken at 10-min intervals for a duration of 120 min.

Quantitation of g-Cell Mass

Pancreata were fixed in 10% neutral buffered formalin for
24 h, processed in paraffin, and analyzed as previously
described (9). Paraffin blocks were cut into 3-pum sections
and stained with guinea pig anti-insulin (Dako) and rabbit
anti-Nkx6.1 antibodies (Sigma-Aldrich). Insulin immuno-
reactivity was visualized with goat anti-guinea pig (Invi-
trogen) secondary antibody and donkey anti-goat Alexa
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Fluor 488 (The Jackson Laboratory). Nkx6.1 immunore-
activity was used to identify B-cells and visualized with
donkey anti-rabbit biotin (The Jackson Laboratory), strep-
tavidin horseradish peroxidase (PerkinElmer), and TSA
Plus Cyanine 3 (Invitrogen). The slides were counter-
stained with DAPI to detect cell nuclei and scanned on
a VS120 slide scanner at 10X magnification (Olympus),
and pancreatic B-cell mass was quantified using Visio-
morph software (Visiopharm).

Blood Collection and Tissue Processing

Daily BG levels were measured using a handheld gluco-
meter on blood obtained from tail capillary samples. At study
completion, whole-blood samples for plasma hormone mea-
surement were collected into appropriately treated tubes (10),
separated into plasma, aliquoted, and stored at —80°C. Plasma
insulin (Crystal Chem), corticosterone (Cort) (Crystal Chem),
and glucagon (Mercodia) levels were measured by ELISA.
Plasma lactate levels were measured using a GM9D analyzer.
Plasma lipids were measured with enzymatic colorimetric
assays using a triglyceride (TG) kit (Raichem) and nonesterified
free fatty acid (FFA) kit (Wako Diagnostics).

Real-time PCR

Total RNA was extracted from liver using TRI Reagent (Sigma-
Aldrich) and NudeoSpin RNA (Thermo Fisher Scientific).
Levels of specific transcripts for Gck, Pklr, Gys2, Pckl, and
G6p were quantified by real-time PCR (ABI Prism 7900HT;
Applied Biosystems) using SYBR Green (Applied Biosystems),
and results were normalized to the housekeeping gene 18s. For
comparative analysis, RNA ratios of the treatment group were
normalized to the icv Veh control group.

Statistical Analysis

All results are expressed as mean = SEM. Group-by-time
designs were analyzed using linear mixed model analysis
(SPSS version 23; IBM Corporation, Armonk, NY) and
mixed factorial analyses (GraphPad Software, La Jolla,
CA) or two-way ANOVA with repeated measures (mixed
model) with Bonferroni posttest comparison. For pairs of
data, a two-sample unpaired Student ¢ test was used. In all
instances, P < 0.05 was considered significant.

RESULTS

Effect of icv FGF1 on Levels of BG, Fl, and BW in ZDF
Rats

As expected (11), male ZDF rats fed ad libitum developed
hyperglycemia (Fig. 1A) between age 7 and 10 weeks. After
a single icv injection of FGF1 (3 wg), morning BG levels
dropped into the normal range (Fig. 14) for ~30 days,
after which hyperglycemia relapsed (Fig. 14). FI also was
reduced transiently (Fig. 1B), and although BW was de-
creased as well, the effect did not achieve statistical
significance (Fig. 1C). In nondiabetic ZDL controls, FI
also was reduced transiently after icv FGF1 injection,
but BG levels remained unchanged (Fig. 1D and E), as is
observed in wild-type mice (1).
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To assess the contribution made by reduced FI to the
glucose-lowering effect of icv FGF1, we performed an addi-
tional study in which icv Veh—treated ZDF rats were pair fed
to the intake of ZDF rats receiving icv FGF1. Although BG
values initially declined in pair-fed controls, as expected
(11,12), the effect was transient such that BG levels returned
to baseline by day 13 (Fig. 24), concurrent with the resto-
ration of baseline levels of FI and BW (Fig. 2B and ().

Effect of icv FGF1 Injection on Hormonal and Metabolic
Parameters in ZDF Rats

In animals receiving icv Veh, basal plasma insulin levels
peaked at the onset of hyperglycemia followed by a pro-
gressive decline (Fig. 3A), as previously reported (11). In
icv. FGFl-treated ZDF rats, by comparison, insulin
remained at pretreatment levels for 3-4 weeks, followed
by a precipitous decline (Fig. 3A) that corresponded tempo-
rally with hyperglycemia relapse (Fig. 14). Thus, the pro-
gressive decline of pancreatic B-cell function characteristic of
the ZDF rat model was delayed by ~3-4 weeks after icv FGF1
injection, and it was during this interval that hyperglycemia
was ameliorated. Although plasma glucagon levels were re-
duced 1 week after icv FGF1 injection, subsequent values did
not differ significantly from those of icv Veh-treated controls
(Fig. 3B). Circulating FFA levels were slightly increased
beginning 6 weeks after icv FGF1 injection, but no changes
in TG levels were detected (Fig. 3C and D).

Effect of icv FGF1 Injection on p-Cell Mass

Histochemical analysis of pancreatic islets from icv FGF1-
and icv Veh-treated animals (Fig. 4A-C) revealed a strong
association between islet (-cell mass and basal plasma
insulin levels. At the 3-week time point after icv injection
(when baseline plasma insulin levels were higher in icv
FGF1- than icv Veh-treated animals [Fig. 3A]), B-cell mass
was significantly increased in icv FGF1l-treated animals
relative to baseline (day 0) and to icv Veh-treated animals
at the same 3-week time point. However, this effect was
transient such that by week 7 after icv injection, B-cell
mass had decreased by 86% to achieve values comparable
to those of icv Veh—treated animals (Fig. 4D), with plasma
insulin levels showing a similar drop (Fig. 3A) and BG levels
returning to the diabetic range (Fig. 1A). These findings
suggest that icv FGF1 injection delays the onset of B-cell
decompensation in ZDF rats, with the eventual loss of
B-cell function then driving diabetes relapse.

Effect of icv FGF1 on the Determinants of Glucose
Tolerance in ZDF Rats

To determine the contribution made by the three major
determinants of glucose tolerance (insulin secretion, S,
and GE) to the response to icv FGF1, we performed an
ESIGT on a separate cohort of ZDF rats 2 weeks after icv
injection of either FGF1 (3 pg) or Veh. At this time point,
levels of FI and BW were comparable between groups (Fig.
1A-C), and by design, fasting BG levels were much lower in
icv EGF1- than icv Veh-treated animals (Fig. 5A). BG levels
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Figure 1—Glucose-lowering effect of a single icv FGF1 injection in ZDF and ZDL rats. Daily BG (A), FI (B), and BW (C) values from ad libitum-
fed ZDF rats after a single icv injection of either Veh (n = 9) or FGF1 (3 ng; n = 9). Daily BG (D), FI (E), and BW (F) values from ad libitum-fed ZDL
rats after a single icv injection of either Veh (n = 7) or FGF1 (3 p.g; n = 8). Data are mean = SEM. *P < 0.05 vs. icv Veh.

remained lower in icv FGF1- than icv Veh-treated animals
for the duration of the FSIGT, but after correcting for the
difference in basal glucose levels, the AUCglucose did not
differ significantly between groups (Fig. 5B and C). In
ZDF rats, therefore, treatment with icv FGF1 has no
effect on glucose tolerance at a time when basal glucose
levels are completely normalized, which agrees with our
findings in ob/ob mice (1).

As plasma insulin levels declined during the first few
weeks after icv injection in Veh-treated animals, but not in
those receiving icv FGF1 (Fig. 3A4), we expected fasting
plasma insulin levels to be higher in FGF1-treated animals
on day 14 after icv injection before the FSIGT (despite
lower BG levels), and this proved to be the case (Fig. 5D).
After controlling for differences in the basal insulin level,
however, no difference was found in AIRg between groups
(Fig. S5E, F, and H). Furthermore, although a trend toward
increased Sg was detected in animals receiving icv FGF1
treatment, Sg also did not achieve statistical significance

(Fig. 5G). Paradoxically, S; was decreased by ~50% in
FGF1-treated animals, although this effect did not reach
statistical significance (Fig. 5I). Thus, neither glucose-
induced insulin secretion nor S; appear to be affected by icv
FGF1 administration.

To further characterize the effect of icv FGF1 on S; in
these animals, we performed an IVITT 1 week after the
ESIGT in the same cohort of animals. Because this study
demonstrates directly that the glucose-lowering effect of iv
insulin injection was in fact reduced in ZDF rats that
received icv FGF1 versus icv Veh (Fig. 5J and K), the
antidiabetic action of FGF1 in the brain cannot be attrib-
uted to an increase of S;.

Contribution of Preserved Basal Plasma Insulin
Secretion to the Antidiabetic Effect of icv FGF1

To quantify the contribution made by preservation of
B-cell function to remission of hyperglycemia induced
by icv FGF1, we used a modified glucose clamp protocol
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Figure 2— Contribution of transient anorexia to the glucose-lowering effect of icv FGF1 in ZDF rats. Daily BG (A), FI (B), and BW (C) values
from pair-fed ZDF rats after a single icv injection of either Veh (n = 9) or FGF1 3 pg; n = 9). Data are mean = SEM. *P < 0.001 vs. icv Veh.
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whereby icv Veh-treated ZDF rats received iv insulin at
a variable rate designed to reduce their BG level into the
normal range, at the same level (170 mg/dL) maintained by
ZDF rats treated with icv FGF1 2 weeks earlier (Fig. 6A).
No difference of FI or BW was found between groups

(Fig. 6B and (), and baseline (t = 0 min) plasma BG levels
were higher and insulin levels lower in icv Veh- versus icv
FGF1-treated animals (Fig. 6D and E), as expected. After
variable-rate iv insulin infusion for ~70 min (Fig. 6F), BG
levels were effectively matched between the two groups
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Figure 4—Time course of the effect of icv FGF1 on B-cell mass in ZDF rats. Representative images of staining of pancreatic islet sections
from ZDF rats for insulin (A), Nkx6.1 (B), and merged images (C). Pancreatic 3-cell mass at day 0 (1 = 7), 3 weeks (n =8 icv Veh vs.n =10 icv FGF1),
and 7 weeks (n = 9/group) in ad libitum—fed ZDF rats after a single icv injection of either Veh or FGF1 (3 ng) (D). Data are mean = SEM. **P < 0.01
vs. icv Veh at day 0 and 3 weeks; **P < 0.001 vs. icv Veh at day 0, 3 weeks, and 7 weeks; ###P < 0.001 vs. icv FGF1 at 7 weeks.
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Figure 5—Effect of icv FGF1 on determinants of glucose tolerance in ZDF rats. Plasma glucose (A), A plasma glucose (correcting for
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injection of either Veh (n = 7) or FGF1 (3 ng; n = 6). Data are mean = SEM. *P < 0.05 vs. icv Veh.

and remained so for the duration of the study (until t = same BG level (Fig. 6D). This finding is made more striking
120 min) (Fig. 6D). by the fact that FGF1-treated animals required a variable-

Overall, the plasma insulin level required for icv Veh-  rate glucose infusion to prevent their BG from dropping
treated animals to achieve normoglycemia was approxi- below basal levels (Fig. 6G). At baseline, plasma glucagon
mately twofold greater (Fig. 6E) than was observed in icv  levels were higher in icv Veh- than in icv FGF1-treated
FGF1-treated animals that spontaneously maintained the rats (Fig. 6H), but there were no differences in plasma Cort
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Figure 6 —Dependence of basal insulin secretion on antidiabetic effect of icv FGF1. ZDF rats underwent matched euglycemic clamp 14 days

after a single icv injection of either Veh (n = 11) or FGF1 (3 pg; n = 11).

Daily morning BG (A), FI (B), and BW (C) values from ad libitum-fed ZDF

rats. Plasma glucose (D), plasma insulin (E), insulin infusion rate (F), and glucose infusion rate (GIR) (G) during the matched euglycemic clamp.
Plasma glucagon (H) and plasma Cort (/) at the start (t = 0 min) and end (t = 120 min) of the matched euglycemic clamp. Data are mean = SEM.

*P < 0.05, **P < 0.001 vs. icv Veh.

levels (Fig. 61). During the insulin infusion period, plasma
glucagon levels remained stable (Fig. 6H), whereas plasma
Cort levels increased by more than twofold in response to
normalization of BG among icv Veh-treated animals (Fig.
6D), whereas it did not change in icv FGF1-treated animals
(Fig. 6]).

Collectively, these data suggest that although a relative
increase of basal insulin secretion may contribute, basal
insulin cannot fully account for icv FGF1-induced glucose
lowering; furthermore, there is no evidence that this effect
involves an increase of S;. Also of note, on the basis of the
plasma Cort response, acute normalization of BG levels
appears to elicit a stress response in diabetic icv Veh-
treated ZDF rats, an effect that is not observed in animals
with diabetes remission induced by icv FGF1 injection.

Effect of icv FGF1 Injection on Plasma Lactate and
Hepatic GCK Expression and Activity

These considerations collectively suggest that an insulin-
independent process must contribute to FGF1l-induced
remission of hyperglycemia. To test this hypothesis, we
focused on HGU, a process that is largely insulin indepen-
dent, is crucial for normal glucose homeostasis, and is

regulated in part by the brain (13,14). Specifically, we
investigated whether the mechanism underlying glucose
lowering induced by icv FGF1 involves increased hepatic
GCK activity, which constitutes a key rate-limiting step for
HGU by phosphorylating glucose upon entry into the
hepatocyte.

As an initial test of this hypothesis, we considered that
the magnitude of the rise of plasma lactate levels in
response to a glucose load (which reflects glucose taken
up by the liver and subsequently converted by glycolysis
to lactate, which is released back into circulation) can be used
to estimate hepatic GCK activity in vivo (7,15). To this end,
we performed serial measures of plasma lactate levels
obtained before and during the previously described FSIGT
performed 2 weeks after icv injection of either Veh or FGF1
(Fig. 5). We found that although basal plasma lactate levels
were higher in icv Veh- than icv FGF1-treated ZDF rats
(Fig. 7A), reflecting their much higher basal glucose level,
the plasma lactate response to an iv glucose challenge was
increased by more than twofold in the FGF1-treated group
(Fig. 7B and C). Model-based estimation of the hepatic Kgk
from this lactate response (7) demonstrated a similar,
more than twofold increase in icv FGFl-treated rats
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Figure 7 —Effect of icv FGF1 on plasma lactate and hepatic GCK in ZDF rats. Plasma lactate (A), A plasma lactate (correcting for differences in
basal lactate) (B), A plasma lactate AUC (C), and calculated hepatic Kgk (D) during an FSIGT in ZDF rats 2 weeks after receiving a single icv
injection of either Veh (n = 7) or FGF1 (3 png; n = 7). E: Hepatic mRNA expression of Gck, Pkir, Gys2, Pck1, and G6pc by real-time PCR in ZDF
rats 3 weeks after receiving a single icv injection of either Veh (n = 11) or FGF1 (3 g; n = 11). F: Hepatic GCK activity in ZDF rats at day
0 baseline (icv Veh, n = 6) or 3 weeks after receiving a single icv injection of either Veh (n = 8) or FGF1 (3 j.g; n = 11). Data are mean = SEM.

*P < 0.05, P < 0.01, ™P < 0.001 vs. icv Veh.

relative to icv Veh-treated controls, a highly significant
effect (Fig. 7D). Model-derived estimates of Kgx were well
identified, with mean normalized root square error values of
15% (SD 6%) for icv Veh and 11% (SD 5%) for icv FGF1.
These data, combined with our biochemical findings of
a twofold increase in the expression of both Gck mRNA
and Kgg in the liver of ZDF rats treated with icv FGF1,
confirm and validate our model-based finding and offer
direct evidence implicating the action of FGF1 in the brain
to increase liver GCK activity in the associated remission of
hyperglycemia (Fig. 7E).

DISCUSSION

We report that in the ZDF rat model of T2D, icv FGF1
injection delays the onset of progressive -cell dysfunc-
tion, and we interpret this finding to suggest that FGF1
action in the brain transiently suppresses pathogenic pro-
cesses that drive B-cell loss in this model. However, this
mechanism alone is unlikely to explain the observed
normalization of glycemia because basal plasma insulin levels
never increased over pretreatment values in animals receiv-
ing icv FGF1 injection. Instead, the rapid decline of plasma
insulin levels observed in icv Veh-treated animals was tran-
siently prevented by icv FGF1 injection over a time course
that corresponds to the period of diabetes remission. With
respect to other peripheral mechanisms of glucose lowering,
we observed no effect of icv FGF1 on glucose tolerance,
whole-body S, or glucose-stimulated insulin secretion; fur-
thermore, circulating levels of Cort, FFAs, or TGs were not

altered. Instead, our data point to an action of FGF1 in the
brain to increase basal glucose clearance through a mecha-
nism involving increased hepatic GCK activity.

These findings extend previous evidence that the ac-
tivity of glucoregulatory neurocircuits (16-18) is sensitive
to input from FGF peptides, such as FGF19 and FGF21.
Although glucose lowering elicited by these peptides was
initially hypothesized to involve actions primarily on
peripheral tissues (19-21), subsequent work revealed
that an action in the brain is sufficient (5,22-26) and
may be necessary (27) for this effect. Although the pro-
longed duration of glucose lowering induced by FGF1
action in the brain is unique (1), the duration of this
effect is considerably shorter in ZDF rats than is reported
in ob/ob mice (1), potentially owing to rapid loss of 3-cell
mass and function in the former (2), but not the latter,
animals (28). Combined with evidence that in our hands,
icv FGF1 injection does not induce glucose lowering in
rodents with uncontrolled insulin-deficient diabetes (1,29),
we interpret these data to suggest that an intact insulin
signal is required for the antidiabetic response induced by
central administration of FGF1. Consistent with this hypothesis,
the observed delay in onset of B-cell dysfunction corresponds
closely with the period of diabetes remission induced by icv
FEGF1 in ZDF rats such that diabetes relapse was accompanied
by precipitous declines of both plasma insulin and B-cell
mass. In the ZDF rat model, therefore, eventual relapse of
hyperglycemia after icv FGF1 injection appears to be driven
by the onset of severe, progressive (3-cell dysfunction, an
effect that does not occur in 0b/ob mice.
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Increased (-cell mass is an integral feature of the
adaptation to insulin resistance in ZDF rats. At 5-7 weeks
of age, B-cell mass in male ZDF rats is approximately twice
that of age-matched ZDL controls, and this expansion
continues until 10-12 weeks of age, after which it pro-
gressively and markedly declines (30,31). Several potential
explanations can be considered for how B-cell mass and
function are preserved, albeit transiently, after central
administration of FGF1. One obvious possibility is that
EGF1 activates neurocircuits that directly control islet
function. This hypothesis is consistent with evidence
that the pancreas is richly innervated by autonomic fibers
(32,33) and that both parasympathetic and sympathetic
outflow to the pancreas can powerfully influence not only
B-cell function but also, if sustained, islet mass (34,35).
Furthermore, retrograde mapping studies reveal that some
of the same hypothalamic areas that respond to FGF1 (36)
are anatomically linked to efferent circuits innervating
pancreatic islets (36), and both B-cell mass and function
can be altered by either surgical (37) or pharmacological
(38,39) manipulation of these circuits. This explanation is
also consistent with the increase of [-cell mass over
baseline that was observed 3 weeks after icv FGF1 in-
jection. An alternative and perhaps more straightforward
explanation, however, is that FGF1-induced preservation
of B-cells is primarily an indirect consequence of a reduced
demand for insulin secretion (owing to normalization of
glycemia). These two possibilities are not mutually exclu-
sive, and additional studies to address them are warranted.

Our finding that sustained amelioration of hyperglyce-
mia induced by icv FGF1 in ZDF rats occurred despite no
increase of either insulin levels (over baseline values) or S;
suggests that an insulin-independent mechanism must
contribute to the effect of icv FGF1 injection to increase
glucose disposal. This hypothesis is strengthened by our
observation that the circulating insulin level needed to
normalize glycemia in icv Veh-treated ZDF rats is far
higher than is observed in animals with normoglycemia
induced by icv FGF1 injection.

That the brain can stimulate insulin-independent glu-
cose disposal is well established. In rodent models of
uncontrolled diabetes induced by streptozotocin, for ex-
ample, hyperglycemia can be reversed by continuous icv
administration of leptin, even in the face of persistent,
severe insulin deficiency (10,40). Similarly, increased
insulin-independent glucose disposal plays a major role in
mediating the antidiabetic effect of icv FGF19 administra-
tion in ob/ob mice (5). Although the antidiabetic effect of icv
FGF1 has been suggested to involve suppression of exces-
sive hypothalamic-pituitary-adrenal axis activity (24), we
observed no effect of icv FGF1 injection on plasma Cort
levels in either the current study (in ZDF rats) or our past
work (in ob/ob mice) (1). Excess glucagon secretion also has
been hypothesized to drive diabetic hyperglycemia (41), and
plasma glucagon levels were significantly decreased in ZDF
rats receiving icv FGF1 compared with icv Veh. However,
plasma glucagon levels do not increase in parallel with
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progressive hyperglycemia in ZDF rats (12), and diabetes
induced by streptozotocin is not ameliorated by a glucagon-
neutralizing antibody (42). On the basis of these consid-
erations, we suspect that the modest decline in plasma
glucagon is not the primary mechanism underlying the
antidiabetic effect of icv FGF1.

Glucose sequestration by the liver is a major contributor
to insulin-independent glucose clearance (43). After glu-
cose enters hepatocytes through insulin-independent
GLUT2, it is phosphorylated by GCK to generate
glucose-6-phosphate, a rate-limiting step for HGU. Before
this can occur, GCK must be dissociated from GCK regu-
latory protein, which otherwise sequesters the enzyme in
the nucleus. Glucose-6-phosphate has several fates after
conversion to triose phosphates: storage as glycogen,
metabolism through the tricarboxylic acid cycle, or con-
version to lactate and export from liver into the blood (14).
The latter process provides the foundation for assessment
of GCK activity in vivo using a mathematical model.

This model is based on the hypothesis that glucose
conversion to lactate and subsequent export into the
bloodstream occurs in proportion to the rate of glucose
phosphorylation (and hence, GCK activity) (7). After ap-
plying this model to the dynamic relationship between
plasma glucose (input to liver) and lactate (output from
liver) during an FSIGT, we estimated GCK activity in
animals 2 weeks after icv injection of either Veh or
FGF1. We report that model-estimated liver GCK activity
was effectively doubled in ZDF rats with diabetes remis-
sion induced by icv FGF1. This physiological assessment of
GCK activity is in remarkable agreement with the twofold
increases of both hepatic Gck gene expression and GCK
enzymatic activity measured biochemically in liver homo-
genates in ZDF rats treated with icv FGF1. These data
strongly suggest that increased hepatic GCK activity con-
tributes to the mechanism underlying the sustained anti-
diabetic action of FGF1 in the brain, a conclusion that
agrees with our earlier work showing that in ob/ob mice, icv
FGF1 increases hepatic content of both Gck mRNA and
glycogen while also increasing plasma lactate levels (1).

With respect to the mechanism whereby FGF1 action in
the brain induces liver GCK gene expression and enzyme
activity, we note that after icv FGF1 injection, cellular
activation is concentrated in the mediobasal hypothalamus
(1), and sympathetic connections have been identified
between this brain area and liver (44). Moreover, sympa-
thetic input to the liver appears to play a key role in
controlling HGU. Specifically, studies have shown that the
ability of a portal glucose load to stimulate HGU (by
increasing hepatic GCK activity) is decreased by ~75%
in a canine model of T2D induced by consuming a diet high
in both fat and fructose (45,46), and this effect is reversed
by denervating the sympathetic supply to the liver. Sym-
pathetic tone to the liver in this model, therefore, appears
to drive the associated decrease of HGU by suppressing
GCK activity. Therefore, we hypothesize that the antidi-
abetic action of icv FGF1 in ZDF rats involves reduced
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sympathetic outflow to the liver, and additional studies are
planned to test this hypothesis. We acknowledge, however,
that normalization of glycemia through other mechanisms
also may have contributed to increased liver GCK activity
induced by icv FGF1, and additional studies are needed to
address this possibility.

In conclusion, we report that in the ZDF rat model of
T2D, hyperglycemia is ameliorated in a sustained manner
after central FGF1 administration, consistent with our
earlier work in ob/ob mice (1). A key difference between
these two models of T2D is that in ZDF rats 1) hypergly-
cemia onset is associated with progressive, severe B-cell
decompensation 2) that is not observed in 0b/ob mice (on
the C57BL/6 background). Although administration of
FGF1 into the brain did not prevent this B-cell decom-
pensation, its onset was delayed by ~3-4 weeks through
mechanisms that remain to be identified. Because BG
levels were normalized during this time, transient preser-
vation of B-cell function is likely to contribute glucose
lowering induced by icv FGF1. However, because plasma
insulin levels in animals treated with icv FGF1 never
increased over baseline values, a major role for increased
GE in the sustained normalization of glycemia is implied,
and our findings suggest that this increase of GE involves
activation of liver GCK, which in turn increases the rate of
HGU.
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