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Abstract

Plasma free fatty acids (FFAs) are elevated in obesity and can induce insulin resistance 
via endoplasmic reticulum (ER) stress. However, it is unknown whether hepatic insulin 
resistance caused by the elevation of plasma FFAs is alleviated by chemical chaperones. 
Rats received one of the following i.v. treatments for 48 h: saline, intralipid plus heparin 
(IH), IH plus the chemical chaperone 4-phenylbutyric acid (PBA), or PBA alone and a 
hyperinsulinemic-euglycemic clamp was performed during the last 2 h. PBA co-infusion 
normalized IH-induced peripheral insulin resistance, similar to our previous findings with 
an antioxidant and an IκBα kinase β (IKKβ) inhibitor. Different from our previous results 
with the antioxidant and IKKβ inhibitor, PBA also improved IH-induced hepatic insulin 
resistance in parallel with activation of Akt. Unexpectedly, IH did not induce markers of ER 
stress in the liver, but PBA prevented IH-induced elevation of phosphorylated eukaryotic 
initiation factor-2α protein in adipose tissue. PBA tended to decrease circulating fetuin-A 
and significantly increased circulating fibroblast growth factor 21 (FGF21) without affecting 
markers of activation of hepatic protein kinase C-δ or p38 mitogen-activated protein kinase 
that we have previously involved in hepatic insulin resistance in this model. In conclusion: 
(i) PBA prevented hepatic insulin resistance caused by prolonged plasma FFA elevation 
without affecting hepatic ER stress markers; (ii) the PBA effect is likely due to increased 
FGF21 and/or decreased fetuin-A, which directly signal to upregulate Akt activation.

Introduction

Obesity is characterized by elevated circulating free fatty 
acids (FFAs) that cause insulin resistance in the liver and 
periphery (1, 2). FFAs induce endoplasmic reticulum (ER) 
stress, which occurs when misfolded or unfolded proteins 
amass in the ER, and ER stress causes insulin resistance (3, 4, 
5). High-fat diet is widely used to induce insulin resistance, 
but it does not allow to assess the selective effect of FFAs. 
In order to determine the effect of FFAs per se on insulin 

sensitivity in vivo, investigators have used i.v. infusions 
of fatty acids (in rodents) or lipid emulsions (in rodents 
and humans). In rodents, short-term infusions of oleate 
elevating plasma FFAs by two-fold induced hepatic ER 
stress, as evidenced by an elevation in markers of unfolded 
protein response activation in the liver (6).

Chemical chaperones that reduced ER stress, such 
as 4-phenylbutyric acid (PBA) and taurine-conjugated 
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ursodeoxycholic acid (TUDCA), have been used in rodent 
and human studies to alleviate insulin resistance. PBA 
and TUDCA improve insulin sensitivity in the liver and 
periphery, including muscle and adipose tissue, of ob/ob 
mice (7). Similarly, db/db mice treated with PBA show a 
reduction in the hepatic expression of gluconeogenic 
enzymes (8). In obese humans, TUDCA increases hepatic 
and peripheral insulin sensitivity (9).

Our collaborative studies in humans show that PBA 
partially prevents whole-body insulin resistance induced by 
prolonged (48 h) infusion of intralipid, a soy oil emulsion 
rich in ω-6 polyunsaturated fatty acids (PUFAs), plus 
heparin (IH) (10). However, it remained to be investigated 
whether PBA acted as a chemical chaperone to reduce 
ER stress in this model since PBA has pleiotropic effects, 
including its property to inhibit histone deacetylases (11). 
Furthermore, it was not assessed whether PBA prevented 
hepatic insulin resistance and if this was due to alleviation 
of hepatic ER stress. In rats, where liver tissue collection is 
feasible, we have found that neither N-acetyl-L-cysteine 
(NAC), an antioxidant, nor salicylate, an IκBα kinase β 
(IKKβ) inhibitor, prevents hepatic insulin resistance caused 
by 48 h IH infusion (12, 13). Thus, the objective of the 
current study was to determine whether PBA could prevent 
induction of hepatic insulin resistance in this rat model 
and if this was due to alleviation of hepatic ER stress.

Materials and methods

Experimental design

Experiments were approved by the Animal Care Committee 
of the University of Toronto and followed the Canadian 
Council of Animal Care standards. Female animals were 
studied as in our previous work with NAC and salicylate 
(12, 13). Female Wistar rats (250–300 g) were ordered from 
Charles River (Saint-Constant, QC, Canada) and kept in 
the Department of Comparative Medicine at the University 
of Toronto. Animals had access to standard chow (Teklad 
Global Diet #2018 from Harlan Laboratories, Indianapolis, 
IN, USA) and water ad libitum. Following approximately 
7–14 days of acclimatization, the jugular vein and carotid 
artery were cannulated, and the catheters were externalized 
under isoflurane anesthesia (13). Animals recovered 
from surgery for at least 3 days before experiments were 
initiated. On the first day of the experiment, the infusion 
and sampling lines were prepared as described (13). Rats 
were randomized into the following i.v. treatment groups: 
SAL (Saline; 5.5 μL/min), IH (20% intralipid plus 20 U/mL  

heparin; 5.5 μL/min), IH plus PBA (2.08 μmol/kg/min; 
Sigma–Aldrich), or PBA. IH infusion is a selective model of 
plasma FFA elevation without adiposity as abdominal fat 
pad weight was not significantly altered (7.9 ± 1.5 g in SAL 
group vs 7.9 ± 0.8 g in IH group; n = 3/group).

Treatments were infused via the jugular vein while 
blood samples were obtained from the carotid artery. 
The treatment infusion lasted 48 h. For each treatment, 
two types of studies were performed in different rats: a 
basal infusion study and an infusion study followed by a 
hyperinsulinemic-euglycemic clamp. An overnight fast 
was started on the second experiment day for both types 
of studies. In the basal infusion study, the treatment was 
infused for 48 h and this was followed by plasma and tissue 
collection on the third experiment day. In the clamp study, 
a primed infusion of [3-3H] glucose (8 μCi bolus, then 0.15 
μCi/min) was initiated at 44 h (2 h before the clamp) to 
assess basal glucose kinetics and was continued throughout 
the clamp to distinguish between hepatic and peripheral 
insulin sensitivity, as previously described (13). The  
2 h hyperinsulinemic (5 mU/kg/min) euglycemic clamp 
was carried out during the last 2 h of treatment infusion 
(13). The glucose infusion required to maintain constant 
plasma glucose was radiolabelled to also maintain glucose-
specific activity constant as previously reported (13). In the 
clamp study, there are two steady states: the basal steady 
state, which corresponds to the last 30 min before the start 
of insulin infusion, and the clamp steady state, which 
corresponds to the last 30 min of the hyperinsulinemic-
euglycemic clamp. During each steady state, every 10 min  
blood samples were collected to measure plasma glucose, 
FFAs, insulin, and [3-3H] glucose specific activity (13). 
At the end of both basal and clamp experiments, rats 
were anesthetized, the liver was freeze-clamped, and 
retroperitoneal adipose tissue as well as soleus muscle 
were collected. Tissues were stored at −80°C until the time  
of analysis.

Results for glucose kinetics as well as the corresponding 
plasma insulin and FFA concentrations for SAL and 
IH experiments used in this manuscript have been 
previously reported in the Journal of Endocrinology (12) 
(copyright permission is not required as the journal has 
the same publisher). The experiments reported in that 
paper were done at the same time as those with PBA 
reported here.

Plasma assays

Determination of glucose kinetics involved 
deproteinization of plasma samples and quantification of 
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radioactivity due to [3-3H] glucose in plasma as well as tracer 
and radiolabelled glucose infusates (13). A glucose analyzer 
was used to determine plasma glucose concentrations (12). 
An RIA was used to quantify the concentrations of insulin 
in plasma (Millipore) (13). A colorimetric assay from Wako 
Pure Chemical Industries, Ltd was utilized to measure 
plasma FFA concentrations (13). Plasma interleukin 6 
(IL-6), fetuin-A, and fibroblast growth factor 21 (FGF21) 
were measured as previously reported (14); these plasma 
parameters were measured in plasma collected at the end 
of infusions during the basal state.

Western blots

Whole lysates of liver samples were obtained as previously 
described (13). Homogenization of adipose tissue samples 
was carried out utilizing one of the following lysis buffers: (i) 
a lysis buffer consisting of 250 mM sucrose, 4 mM HEPES, 1 
mM MgCl2, pH7.4, 1 mM PMSF, 10 mM NaF, 2 mM Na3VO4, 
10 nM okadaic acid, and protease inhibitors (Roche) or (ii) 
a lysis buffer consisting of 20 mM Tris-HCl, 150 mM NaCl, 1 
mM EDTA, 1 mM EGTA, 1% Triton X-100, 2.5 mM Na4P2O7, 
1 mM glycerol-2-phosphate, 1 mM Na3VO4, 1 μg/mL 
leupeptin, and 1 mM PMSF. Liver samples collected after 48 
h basal infusion studies were separated into cytosolic and 
membranes fractions for protein kinase C (PKC)-δ Western 
blots (13); purity of membrane fractions was confirmed 
by probing for sodium-potassium ATPase protein. Soleus 
muscle was homogenized with a lysis buffer consisting of 50 
mM Tris (pH 7.5), 150 mM NaCl, 1 mM MgCl2, 1 mM CaCl2, 
2 mM EGTA, 10 mM Na4P2O7·10H2O, 10 mM NaF, 10 μg/mL 
aprotinin, 10 μg/mL leupeptin, 50 nM okadaic acid, 1 mM 
PMSF, 1 mM Na3VO4, and 1% NP-40 alternative. Western 
blot analysis was then performed (13, 15, 16). All primary 
antibodies were from Cell Signaling Technology, except 
antibodies for FGF21 (Santa Cruz Biotechnology), β-actin 
(Santa Cruz), suppressor of cytokine signaling 3 (SOCS3; 
Thermo Fisher Scientific), and sodium-potassium ATPase 
(Abcam). p38 mitogen-activated protein kinase (MAPK) 
phosphorylates ATF2 on Thr71 and ATF7 on Thr53 (17); 
hence, we utilized an antibody that recognizes ATF2 and 
ATF7 when phosphorylated at these sites (p-ATF2/7; Cell 
Signaling Technology). Actin, tubulin, or glyceraldehyde-
3-phosphate dehydrogenase (GAPDH) was used as a 
loading control. Quantification of bands was done with 
ImageJ (National Institutes of Health, USA); when a given 
sample was run more than once for a specific parameter, 
quantification results were averaged for that sample.

RT-PCR analysis

Quantitative RT-PCR for glucose-regulated protein 78 
(GRP78) mRNA in the liver and adipose tissue samples 
was carried out as detailed in Zhang et al. (15). Briefly, RNA 
was extracted using RNeasy Mini Kit (Qiagen), RT-PCR 
involved the use of TaqMan Gene Expression system and 
appropriate rat primers (Applied Biosystems), and results 
were analyzed with SDS 2.1 software. Quantitative RT-PCR 
for FGF21, IL-6, and fetuin-A mRNA was performed as 
described in Patel et al. (18). Primer sequences were: Fgf21, 
forward-5'GTCCGACAGAGGTATCTCTACACAGATGA 
and reverse-5'GAGCTCCAGGAGACTTTCTGGACT; Il6,  
forward-5'TAGTCCTTCCTACCCCAATTTCC and reverse-
5'TTGGTCCTTAGCCACTCCTTC; Fetuin-A (Ahsg),  
forward-5’ACGTGGTCCACACTGTCAAA and reverse-
5’CGCAGCTATCACAAACTCCA; Beta-actin (Actb;  
housekeeping gene), forward-5'AAGTCCCTCACCCTC 
CCAAAAG and reverse-5'AAGCAATGCTGTCACCTTCCC.

Oil red O staining

Liver samples collected after 48 h basal infusion studies 
were stained with Oil Red O. The staining intensity was 
quantified in ImageJ.

Calculations

In the basal steady state, endogenous glucose production 
(EGP) equals glucose utilization (Rd). In the clamp 
steady-state, EGP equals Rd minus the exogenous glucose 
infusion rate. The calculations of glucose kinetics have 
been previously described (13). For a given parameter, the 
average of values during each steady state (basal period and 
last 30 min of clamp) was used.

Statistical analysis

Data are presented as mean + s.e.m. For parameters 
involving four treatment groups and two periods (basal 
and clamp), two-way ANOVA followed by Tukey’s test 
was used. When comparing parameters across three or 
four treatment groups during a given period, one-way 
ANOVA with Tukey’s test was performed. An unpaired 
t-test was used when comparing parameters between 
two treatment groups. Statistical analysis was done 
using GraphPad Prism 8 and significance was accepted 
if P < 0.05.
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Results

Plasma FFA concentrations were greater in the IH and 
IH+PBA groups compared to the control groups (SAL 
and PBA) during the basal and clamp steady states  
(P < 0.05, Fig. 1A). Basal insulin concentrations were 
similar across treatment groups and the infusion of insulin 
induced the same extent of hyperinsulinemia (Fig. 1B).

There were no statistically significant differences 
between treatment groups in basal endogenous glucose 
production (EGP) (Fig. 1C). During hyperinsulinemia, EGP 
was significantly higher in the IH group compared to the 
other groups (P < 0.05) and comparable between IH+PBA, 
SAL, and PBA alone groups (Fig. 1C). The suppression of 
EGP by insulin, expressed as a percentage of basal EGP, was 
diminished by IH infusion, and PBA co-infusion partially 
prevented this impairment (Fig. 1D). Insulin-stimulated 
glucose utilization was diminished by IH administration 
(P < 0.05, Fig. 1E), but PBA co-infusion prevented the 
IH-induced peripheral insulin resistance. Accordingly, 
PBA co-infusion prevented whole-body insulin resistance 
caused by IH infusion, as indicated by the increased glucose 
infusion rate during the clamp steady state (Fig. 1F). The 
extent of insulin-stimulated activation of Akt, which is a 
marker of insulin sensitivity, was determined in the liver 

and skeletal muscle. In the liver, IH decreased insulin-
stimulated activation of Akt (p-Akt/total Akt) and PBA 
partially prevented this effect (Fig. 2A), consistent with the 
partial restoration of insulin-induced suppression of EGP. 
There were no significant differences in p-Akt/total Akt in 
skeletal muscle (Fig. 2B), likely because the magnitude of 
insulin resistance caused by IH was lower in the periphery 
than in the liver.

We then determined whether prolonged elevation 
in plasma FFAs affected ER stress markers in the liver and 
if PBA has the potential to reverse it. IH did not increase 
the extent of hepatic phosphorylation of eukaryotic 
initiation factor-2α (p-eIF2α) (Fig. 3A). Moreover, liver 
mRNA levels of GRP78 were surprisingly decreased by IH 
(P < 0.05, Fig. 3B), and hepatic GRP78 protein content 
was similar between groups (Fig. 3C). However, in adipose 
tissue, IH infusion augmented p-eIF2α protein levels and 
this was prevented by PBA (P < 0.05, Fig. 4A). Inositol 
requiring 1α (IRE1α) showed a similar profile to p-eIF2α; 
however, there was no statistical significance across 
groups (Fig. 4C). GRP78 mRNA levels were elevated by 
IH and normalized by PBA (P < 0.05; Fig. 4D), although 
GRP78 protein content, which is a more relevant marker 
of ER stress than GRP78 mRNA, was not significantly 
different across groups (Fig. 4B).

Figure 1
(A) Plasma free fatty acids (FFAs) and (B) plasma 
insulin during basal and clamp periods.  
(C) Endogenous glucose production (EGP) in the 
basal and clamp periods, (D) percent suppression 
in EGP by insulin, (E) glucose utilization in the 
basal and clamp periods, and (F) glucose infusion 
rate during the clamp period. Treatments: SAL, 
saline; IH, intralipid plus heparin; IH+PBA, IH plus 
4-phenylbutyric acid; PBA, 4-phenylbutyric acid.  
n = 9 for SAL; n = 6 for IH; n = 8 for IH+PBA; n = 5 
for PBA. *P < 0.05 vs other groups. &P < 0.05 vs 
SAL. #P < 0.05 vs PBA. In (A), (B), (C), and (E)  
there is a clamp (hyperinsulinemic) main  
effect (P < 0.05).
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Hepatic insulin sensitivity can be altered by 
circulating cytokines and therefore, we determined plasma 
concentrations of cytokines, specifically IL-6, fetuin-A, 
and FGF21. These three cytokines can be expressed by 
adipose tissue (19, 20, 21), but plasma levels of FGF21 are 
largely derived from the liver (22). In rodents fed with 
high-fat diet, hepatic insulin resistance can be mediated by 
IL-6 secreted from adipose tissue (23). Fetuin-A is a ligand 
of toll-like receptor 4 (TLR4) and has been implicated 
in FFA activation of TLR4 and insulin resistance (24).  

Figure 2
(A) Liver Ser473 phosphorylated Akt divided by total Akt. n = 7 for SAL;  
n = 5 for IH; n = 7 for IH+PBA; n = 4 for PBA. (B) Skeletal muscle Ser473 
phosphorylated Akt divided by total Akt. n = 4 for SAL; n = 5 for IH; n = 5 
for IH+PBA; n = 5 for PBA. Treatments: SAL, saline; IH, intralipid plus 
heparin; IH+PBA, IH plus 4-phenylbutyric acid; PBA, 4-phenylbutyric acid. 
&P < 0.05 vs SAL.

Figure 3
(A) Phosphorylated eIF2α protein content normalized to loading control in 
the liver. n = 6 for SAL; n = 6 for IH; n = 6 for IH+PBA; n = 4 for PBA. (B) GRP78 
mRNA levels in the liver (n = 3/group). (C) GRP78 protein content normalized 
to loading control in the liver. n = 8 for SAL; n = 5 for IH; n = 7 for IH+PBA;  
n = 4 for PBA. Treatments: SAL, saline; IH, intralipid plus heparin; IH+PBA,  
IH plus 4-phenylbutyric acid; PBA, 4-phenylbutyric acid. &P < 0.05 vs SAL.
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Fetuin-A can also interfere with insulin receptor signaling 
directly (25). Conversely, hepatic insulin resistance is 
diminished by FGF21 in rodents exposed to nutrient excess 
(26), and FGF21 can activate Akt via its own signaling (27). 
Plasma IL-6 concentrations were similar across treatment 
groups (Fig. 5A). Although differences in plasma fetuin-A 
concentrations between groups did not reach statistical 
significance, there was a trend for plasma fetuin-A to be 
lower in the IH+PBA group vs SAL and IH groups (P = 0.146 
and P = 0.060, respectively; Fig. 5B). Plasma concentrations 
of FGF21 were higher in IH+PBA and PBA groups compared 
to the SAL group (P < 0.05) and there was a trend for FGF21 
to be higher in IH+PBA and PBA groups vs the IH group 
(P = 0.178 and P = 0.124, respectively; Fig. 5C). We also 
assessed IL-6, fetuin-A, and FGF21 gene expression in the 
adipose tissue and liver. Differences in adipose tissue IL-6 
mRNA levels across treatments did not reach statistical 
significance (Fig. 6A), but in the liver, IH robustly increased 
IL-6 mRNA (P < 0.05) and PBA co-infusion diminished this 
effect (Fig. 6B). IL-6 increases the gene expression of SOCS3, 
which impairs insulin signaling at the level of insulin 
receptor substrate (IRS) proteins (28, 29). However, in our 
study, hepatic SOCS3 protein content was not altered by 
either IH or PBA (Fig. 6C). Fetuin-A gene expression was 
lowest in the IH+PBA group without reaching statistical 
significance in adipose tissue (Fig. 7A); it was significantly 

lower in IH, IH+PBA, and PBA groups vs SAL in the liver 
(P < 0.05; Fig. 7B). Adipose tissue FGF21 mRNA levels were 
higher in the PBA group compared to the IH+PBA group 
(p<0.05; Fig. 8A), while in the liver, there was a tendency 
for FGF21 gene expression in the PBA groups to be higher vs 
the IH group (P = 0.112 for PBA; Fig. 8B), consistent with the 
elevated FGF21 plasma levels in PBA-treated groups (Fig. 
5C). Quantification of FGF21 protein content indicated 
that FGF21 expression was greater in the IH+PBA group in 
adipose tissue (P < 0.05 vs SAL), but not in the liver (Fig. 
8Cand D). In skeletal muscle, FGF21 mRNA levels were not 
significantly different among groups (Fig. 8E).

Improvement of hepatic insulin sensitivity by FGF21 
has been reported to be associated with diminished PKC-ε 
activation in the liver (26). We previously found that hepatic 
PKC-ε is not affected by 7 h IH (30) or 48 h IH (unpublished) 
infusion; however, PKC-δ, another novel PKC isoform, is 
activated by 48 h IH infusion (13) and mediates hepatic 
insulin resistance caused by 7 h IH infusion (30). Hence, 
we assessed whether PBA affected IH-induced hepatic  
PKC-δ activation, based on the extent of PKC-δ 
translocation to the membrane from the cytosol (13). 
We found that IH infusion increased PKC-δ protein 
content in the membrane fraction, which was not 
prevented by PBA co-infusion (Fig. 9A). Next, we assessed 
hepatic lipid accumulation because novel PKCs such 

Figure 4
(A) Phosphorylated eIF2α protein content 
normalized to loading control in adipose tissue.  
n = 4 for SAL; n = 4 for IH; n = 6 for IH+PBA; n = 3 
for PBA. (B) GRP78 protein content normalized to 
loading control in adipose tissue. n = 6 for SAL;  
n = 4 for IH; n = 5 for IH+PBA;  n= 3 for PBA.  
(C) Phosphorylated IRE1α protein content 
normalized to loading control in adipose tissue.  
n = 5 for SAL; n = 3 for IH; n = 7 for IH+PBA; n = 3 
for PBA. (D) GRP78 mRNA levels in adipose tissue.  
n = 3/group. Treatments: SAL, saline; IH, intralipid 
plus heparin; IH+PBA, IH plus 4-phenylbutyric 
acid; PBA, 4-phenylbutyric acid. *P < 0.05 vs  
other groups.
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as PKC-δ are activated by diacylglycerol (DAG) (31). 
Quantification of Oil Red O staining indicated that 
IH-infused groups had a similar approximately two-
fold increase in fat accumulation vs SAL, although 
statistical significance was not achieved (Fig. 9B). Thus, 
PBA did not decrease intrahepatic fat. Lastly, since we 
previously found that a p38 MAPK inhibitor prevents 
hepatic insulin resistance caused by 48 h IH infusion 

(32), we assessed two markers of p38 MAPK activation in 
the liver: phosphorylated ATF2/ATF7 as well as the total  
ATF2/ATF7 (p38 MAPK decreases degradation of ATF2 
(33)). PBA did not alter these hepatic markers of p38 
MAPK activation (Fig. 10).

Figure 5
(A) Plasma IL-6 concentration. n = 10 for SAL; n = 12 for IH; n = 13 for 
IH+PBA; n = 8 for PBA. (B) Plasma fetuin-A concentration. n = 7 for SAL;  
n = 10 for IH; n = 14 for IH+PBA; n = 9 for PBA. (C) Plasma FGF21 
concentration. n = 10 for SAL; n = 12 for IH;  n = 14 for IH+PBA; n = 9 for 
PBA. Treatments: SAL, saline; IH, intralipid plus heparin; IH+PBA, IH plus 
4-phenylbutyric acid; PBA, 4-phenylbutyric acid. &P < 0.05 vs SAL.

Figure 6
(A) Adipose tissue IL-6 mRNA levels. n = 3/group. (B) Hepatic IL-6 mRNA 
levels. n = 4/group. (C) Hepatic SOCS3 protein content normalized to 
loading control. n = 4/group. Samples used for these experiments were 
collected after 48 h basal infusion studies. Treatments: SAL, saline; IH, 
intralipid plus heparin; IH+PBA, IH plus 4-phenylbutyric acid; PBA, 
4-phenylbutyric acid. &P < 0.05 vs SAL.
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Discussion

The chemical chaperone PBA is a Food and Drug 
Administration (FDA)-approved drug that acts to assist 
protein folding resulting in alleviation of ER stress. In 
the present study, we examined its effect on IH-induced 
insulin resistance. In our 48 h IH infusion model in rats, 
we found that the ability of PBA to alleviate IH-induced 
hepatic insulin resistance occurs independently of 
changes in ER stress markers in the liver. This by itself is 
novel information and extends the indications for PBA 
to models where ER stress is absent. Instead, our findings 
suggest that prolonged IH infusion elevates some markers 
of ER stress in adipose tissue, which is prevented by PBA 
co-administration. Our study also demonstrates that 
PBA has pleiotropic effects on tissues and circulating 
factors, which have not been sufficiently appreciated 
in the literature. Circulating levels of IL-6 and fetuin-A 
were not significantly affected by either IH or PBA, 
although there was a trend for fetuin-A to be lower in the  

co-infusion group. PBA augmented the concentration of 
plasma FGF21, presumably derived from the liver (22). 
PBA was able to prevent IH-induced peripheral insulin  
resistance; however, ER stress markers are generally 
not elevated in muscle in models of obesity (3, 9). In 
our previous studies in this 48 h IH infusion model, an 
antioxidant and IKKβ inhibitor also prevented IH-induced 
peripheral insulin resistance (12, 13), and therefore, PBA 
may have acted as an antioxidant or anti-inflammatory 
agent in addition to the effect of FGF21, which itself has 
antioxidant and anti-inflammatory properties (34, 35). 
However, antioxidant and anti-inflammatory agents, 
which prevent hepatic insulin resistance after 7 h IH 
infusion (30, 36), did not prevent hepatic insulin resistance 
previously in this model (12, 13), suggesting hepatic 
adaptation to 48 h IH infusion.

The use of chemical chaperones such as PBA and 
TUDCA to treat obesity-associated insulin resistance is an 
attractive therapeutic strategy because they are effective 
and are already approved for clinical use in the treatment 
of other disorders such as urea cycle disorders and 
cholestatic liver disease, respectively (9, 10). In the current 
study, PBA alleviated IH-induced ER stress in adipose tissue 
but IH did not induce ER stress in the liver. The absence of 
induction of ER stress markers in the liver was unexpected, 
given the effect of oleate infusion to increase hepatic ER 
markers in mice (6). Besides species differences, it may be 
explained by the mild physiological elevation of plasma 
FFAs, by its limited duration compared to the chronic diet 
studies (where ER stress is also dependent on diet duration 
(3, 37, 38, 39)), and by the type of lipid emulsion infused. 
Intralipid is mostly ω-6 unsaturated fat and hepatic ER 
stress has been most consistently associated with saturated 
fat (38).

IL-6 derived from adipose tissue can cause hepatic 
insulin resistance (23); however, IL-6 gene expression 
was not elevated in adipose tissue, and plasma IL-6 
concentrations were not affected by IH. We found that IH 
increased hepatic IL-6 mRNA levels, which were reduced 
by PBA co-infusion. IL-6 can dampen insulin signaling at 
the level of IRS proteins by increasing SOCS3 expression 
(28, 29). Nevertheless, the IL-6-SOCS3 pathway is unlikely 
to cause hepatic insulin resistance in our study because 
the hepatic protein content of SOCS3 was similar across 
groups. In addition, markers of IKKβ and c-jun NH2 
terminal kinase (JNK) activity are not elevated in this 
model (13, 32). Another causal agent of insulin resistance 
is fetuin-A, which mediates activation of TLR4 by fatty 
acids (24) and can affect insulin signaling directly (25). We 
found a trend for PBA co-infusion to decrease circulating 

Figure 7
(A) Adipose tissue fetuin-A (Ahsg) mRNA levels. n = 3 for SAL; n = 4 for IH;  
n = 3 for IH+PBA; n = 4 for PBA. (B) Hepatic fetuin-A (Ahsg) mRNA levels. 
n = 4/group. Treatments: SAL, saline; IH, intralipid plus heparin; IH+PBA, 
IH plus 4-phenylbutyric acid; PBA, 4-phenylbutyric acid. &P < 0.05 vs SAL.
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fetuin-A relative to the IH group. PBA has been reported 
to decrease the expression of fetuin-A in the liver (40). 
In our study, liver fetuin gene expression was not further 
reduced by PBA relative to IH. In adipose tissue, fetuin-A 
gene expression was reduced approximately by half in 
the IH+PBA group vs the IH group, although statistical 
significance was not achieved. Thus, we cannot rule out 
that PBA may decrease circulating fetuin-A by relieving 
ER stress in adipose tissue, and decreased circulating 
fetuin-A could alleviate in part IH-induced hepatic insulin 
resistance, likely via synergizing with FGF21 to increase 
Akt activity. The decrease in fetuin-A gene expression by IH 
alone despite the induction of ER stress could be due to the 
high content of anti-inflammatory ω-3 fatty acids in IH.

PBA elevated plasma concentration of FGF21, which 
likely originated from the liver because although PBA 
increased protein content of FGF21 in adipose tissue, 
adipose-derived FGF21 has been shown to act in an 
autocrine manner (41). In contrast, the liver is the major 
source for circulating FGF21 (22) and despite the finding 

that PBA did not significantly alter hepatic FGF21 mRNA 
or protein levels, it is likely that newly translated FGF21 
is immediately secreted. We observed an approximately 
four-fold elevation in circulating FGF21 in the IH+PBA 
group vs the SAL group and Camporez et al. (26) reported 
that an approximately four-fold elevation in circulating 
FGF21 ameliorated hepatic and peripheral insulin 
resistance caused by high-fat diet. These effects of FGF21 
were associated with diminished hepatic activation of 
PKC-ε, a novel PKC isoform, and reduced triglyceride and 
DAG content in the liver (26). In our IH infusion model, 
PKC-δ, but not PKC-ε, is the novel PKC isoform which 
is activated. PBA co-infusion, however, did not prevent 
activation of PKC-δ by IH and it did not reduce hepatic 
lipid accumulation. We previously reported that a p38 
MAPK inhibitor can prevent hepatic insulin resistance 
induced by 48 h IH administration (32) and Dollet et  al. 
(42) showed that FGF21 can inhibit p38 MAPK, but in the 
current study PBA did not decrease markers of p38 MAPK 
activation in the liver. Interestingly, in human adipocytes, 

Figure 8
(A) Adipose tissue FGF21 mRNA levels. n = 3 for 
SAL; n = 4 for IH; n = 3 for IH+PBA; n = 3 for PBA. 
(B) Hepatic FGF21 mRNA levels. n = 4/group. (C) 
FGF21 protein content normalized to loading 
control in adipose tissue. n = 5 for SAL; n = 6 for 
IH; n = 7 for IH+PBA; n = 5 for PBA. (D) FGF21 
protein content normalized to loading control in 
the liver. n = 6 for SAL; n = 5 for IH; n = 6 for 
IH+PBA; n = 4 for PBA. (E) Skeletal muscle FGF21 
mRNA levels. n = 4 for SAL; n = 4 for IH; n = 3 for 
IH+PBA; n = 4 for PBA. Treatments: SAL, saline; IH, 
intralipid plus heparin; IH+PBA, IH plus 
4-phenylbutyric acid; PBA, 4-phenylbutyric acid.  
&P < 0.05 vs SAL. #P < 0.05 vs PBA.
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FGF21 stimulates the insulin signaling pathway at the level 
of Akt (27). Hence, in our study, the improvement in in vivo 
hepatic insulin sensitivity and in hepatic Akt activation 

resulting from PBA co-infusion may be due to FGF21 
engaging its receptor in the liver. This action, similar to the 
possible action of low fetuin-A, could be independent of  
the action of IH but could only be manifest under 
conditions of low Akt activity, regardless of the cause.

The question then arises about how PBA could 
increase FGF21. In addition to being a chemical 
chaperone, PBA can also act as a histone deacetylase 
(HDAC) inhibitor (11). It has been reported to increase 
FGF21 mRNA via inhibition of HDAC2 and HDAC3 
(43), which are class I HDACs (44). Although PBA can 
affect the transcription of gluconeogenic enzymes 
by inhibiting HDACs (8, 45), this is unlikely to be the 
main mechanism in our studies because basal EGP was 
not affected by PBA, whereas PBA improved glucose 
production suppression during the clamp (i.e. increased 
the action of insulin in suppressing EGP).

Our study has a few limitations. We used an i.v. lipid 
infusion model to more selectively mimic the elevation 
in plasma FFAs observed in obesity compared to high-fat 
diet-fed models, as in our previous study in humans (10). 
However, i.v. lipid infusion models are less chronic than 
high-fat diet models. Moreover, non-toxic lipid infusions 
such as intralipid contain a large amount of ω-6 PUFAs and 
anti-inflammatory ω-3 PUFAs, which do not reproduce the 
physiological composition of plasma FFA.

In conclusion, the results of the current paper indicate 
that PBA prevents FFA-induced hepatic insulin resistance 
in vivo, independent of hepatic ER stress. The PBA effect 
to improve hepatic insulin sensitivity is likely due to 
direct Akt stimulation by FGF21, perhaps in concert with 
decreased fetuin-A. Improving hepatic insulin sensitivity 
is important therapeutically, as the liver plays a dominant 
role in the pathogenesis of hyperglycemia.

Figure 9
(A) Hepatic PKC-δ protein content in cytosolic (C) and membrane (M) 
fractions. n = 5 for SAL; n = 5 for IH; n = 5 for IH+PBA; n = 4 for PBA.  
(B) Quantification of Oil Red O staining in liver samples. n = 4 for SAL; 
n = 4 for IH; n = 5 for IH+PBA; n = 4 for PBA. Treatments: SAL, saline;  
IH, intralipid plus heparin; IH+PBA, IH plus 4-phenylbutyric acid;  
PBA, 4-phenylbutyric acid. &P < 0.05 vs SAL.

Figure 10
Liver Thr71 phosphorylated ATF2 and Thr53 
phosphorylated ATF7 as well as total liver ATF2 
and ATF7 protein content normalized to loading 
control. n = 4/group. Samples used for these 
experiments were collected after 48 h basal 
infusion studies Treatments: SAL, saline; IH, 
intralipid plus heparin; IH+PBA, IH plus 
4-phenylbutyric acid; PBA, 4-phenylbutyric acid.
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