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The PI3Kδ inhibitor idelalisib suppresses liver and lung 
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Abstract: Idelalisib (an inhibitor of phosphatidylinositol-3-kinase-delta) is approved for treatment of B-cell malignan-
cies, with a Boxed Warning concerning potentially fatal hepatic, lung, and intestinal toxicities. The mechanisms of 
these tissue-specific adverse events have yet to be elucidated. This in vitro study investigated whether these effects 
could be attributed, at least in part, to altered cellular bioenergetics. A phosphorescence analyzer was used to 
measure cellular mitochondrial O2 consumption (kc, µM O2 min-1 mg-1) in C57BL/6 mouse organs in the presence of 
10 µM idelalisib or dimethyl-sulfoxide. Idelalisib significantly reduced the rate of cellular respiration in liver and lung 
fragments by 20% and 27%, respectively. Respiration in intestinal, thymic, and kidney fragments was unaffected. 
Idelalisib did not alter respiratory chain activities in mitochondria isolated from the liver and did not induce hepato-
cyte death. Thus, the drug mildly lowers liver and lung cellular respiration, an effect that may contribute to toxicities 
observed in these organs.

Keywords: Cellular bioenergetics, cellular respiration, idelalisib, liver toxicity, lung toxicity, mitochondrial function, 
oxidative phosphorylation, PI3K delta, PI3K inhibitors

Introduction

Idelalisib (CAL-101) is the first-in-class inhibitor 
of phosphatidylinositol-3-kinase delta (PI3Kδ) 
[1]. This isoform is highly expressed in hemato-
poietic cells and its inhibition halts B cell viabil-
ity and proliferation [2, 3]. The enzyme is 
formed of two subunits, p85 and p110δ; the 
latter component is selectively blocked (half-
maximal effective concentration, 8 nM) by the 
small molecule inhibitor idelalisib [4, 5].

The U.S. Food and Drug Administration has 
recently approved the oral idelalisib formula-
tion for treatment (as a single agent or in com-
bination with rituximab) of relapsed chronic 
lymphocytic leukemia, follicular lymphoma, and 
small lymphocytic lymphoma. The drug, howev-
er, has a Boxed Warning regarding serious hep-
atotoxicity, diarrhea, colitis, intestinal perfora-
tion, and pneumonitis. Other adverse events 
include myelosuppression and dermatitis [6]. 
The mechanisms of these potentially fatal and 
tissue-specific adverse events have yet to be 
elucidated.

The dual PI3K/mTOR inhibitors GSK2126458, 
BEZ235, and GDC0980 and the pure mTOR 
inhibitor sirolimus have been shown to impair 
cellular bioenergetics (the metabolic reactions 
involved in energy biotransformation, including 
cellular respiration and accompanying ATP syn-
thesis) in several murine tissues (the kidney, 
liver, and heart) [7, 8]. These results are consis-
tent with the known role of mTOR signaling in 
normal tissue metabolism, including nutrient 
transport [9-11]. It is unknown, however, wheth-
er pure PI3K inhibitors, such as the PI3Kδ inhib-
itor idelalisib exhibits similar effects, especially 
in off-target (non-hematopoietic) tissues.

This study investigated the effects of idelalisib 
on cellular respiration (the process of delivering 
nutrients and O2 to the mitochondria, oxidation 
of reduced metabolic fuels, passage of elec-
trons to O2, and synthesis of ATP) in murine 
liver, lung, intestinal, lymphoid and kidney tis-
sues. Its main purpose was to explore whether 
the idelalisib-induced organ toxicities could be 
attributed, at least partially, to altered cellular 
bioenergetics. The other aim of the study was to 
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investigate the use cellular respiration as a sur-
rogate biomarker for the adverse events of 
PI3K inhibitors.

Materials and methods

The methods described here were all carried 
out in “accordance” with the approved guide- 
lines.

Reagents and solutions

Idelalisib {CAL-101; 5-fluoro-3-phenyl-2-[(S)-
1-(9H-purin-6-ylamino)-propyl]-3H-quinazolin-
4-one; m.w. 415.42} was purchased from 
MedChem Express, LLC (Princeton, NJ); the 
drug was dissolved in dimethyl sulfoxide 
(DMSO) at 2.5 mg/mL and stored at -20°C. 
Pd(II) complex of meso-tetra-(4-sulfonato- 
phenyl)-tetrabenzoporphyrin (Pd phosphor) was 
purchased from Porphyrin Products (Logan, 
UT). The pancaspase inhibitor zVAD (N- 
benzyloxycarbonyl-val-ala-asp(O-methyl)-fluo-
romethylketone; m.w. = 467.5) was purchased 
from Calbiochem (La Jolla, CA). The caspase-3 
substrate Ac-DEVD-AMC (N-acetyl-asp-glu-val-
asp-7-amino-4-methylcoumarin; m.w. = 675.64) 
was purchased from Axxora LLC (San Diego, 
CA). Recombinant human active caspase-3 
[0.2 µg/µL in 50 mM Tris-Cl (pH 8.0), 100 mM 
NaCl, and 50 mM imidazole] was purchased 
from BD Pharmingen™ (Becton Dickinson & 
Company, Franklin Lakes, NJ, USA). Rabbit anti-
annexin antibody (#D11G2) was purchased 
from Cell Signaling Technology (Boston, MA, 
USA). Rabbit anti-cytochrome c antibody [(H-
104): sc-7159] was purchased from Santa Cruz 
Biotechnology, Inc. (Texas, USA). HPLC-grade 
methanol, RPMI (Roswell Park Memorial 
Institute) 1640 medium and remaining re- 
agents were purchased from Sigma-Aldrich (St. 
Louis, MO).  

Pd phosphor (2.5 mg/mL = 2 mM, made in 
dH2O), glucose oxidase (GO; 10 mg/mL, made 
in phosphate-buffered saline), Na cyanide (CN, 
1.0 M made in dH2O; pH adjusted to ~7.0 with 
12 N HCl), 0.1 M glutamate-malate (made in 
dH2O), 0.1 M ADP (made in dH2O), zVAD (2.14 
mM, made in DMSO), and Ac-DEVD-AMC (7.4 
mM, made in DMSO) solutions were stored at 
-20°C.

Mice

C57BL/6 (10 weeks old) mice were housed at 
22°C, 60% humidity, and 12-h light-dark cycles. 

They had ad libitum access to standard rodent 
chow and filtered water. The study was approved 
from the Animal Ethics Committee-College of 
Medicine and Health Sciences (A29-13; In vitro 
assessment of the effects of nephrotoxic drugs 
and toxins on renal cellular respiration in mice).

Tissue collection and processing

Urethane (25% w/v, 100 µL per 10 g) was 
administered intraperitoneally for anesthesia. 
A tissue fragment (20 to 40 mg) was then 
quickly cut from the organ (while it was still well 
perfused) with a sterile scalpel (Swann-Morton, 
Sheffield, England). The sample was immersed 
in ice-cold RPMI saturated with 95% O2: 5% 
CO2, rinsed thoroughly, weighted in the same 
solution, and immediately placed in the oxygen 
(glass) vial for measuring cellular respiration at 
37°C as described below [16, 17]. The vial con-
tained 1.0 mL RPMI, 3 µM Pd phosphor, 0.5% 
fat-free albumin, and 10 µM idelalisib (treated 
condition) or 1.6 µL dimethyl sulfoxide (control 
condition).

Cellular respiration

Phosphorescence oxygen analyzer was used to 
monitor cellular mitochondrial O2 consumption 
in the tissue fragments as previously described 
[18, 19]. This analytical method is based on the 
principle that O2 quenches phosphorescence. 
The Pd phosphor Pd(II) complex of meso-tetra-
(4-sulfonatophenyl)-tetrabenzoporphyrin was 
used for this purpose [20]. This O2 probe has an 
absorption maximum at 625 nm and a phos-
phorescence maximum at 800 nm. Samples in 
the measuring chamber were flashed from a 
pulsed (10 pulses per sec) light-emitting diode 
array with a peak output at 625 nm (OTL630A-
5-10-66-E, Opto Technology, Inc., Wheeling, IL). 
Emitted phosphoresce was passed through an 
interference filter centered at 800 nm and 
detected by a Hamamatsu photomultiplier tube 
#928. Amplified phosphorescence decay was 
digitized at 1.0 MHz by a 20-MHz A/D converter 
using an analog/digital converter PCI-DAS 
4020/12 I/O Board (PCI-DAS 4020/12 I/O 
Board; Computer Boards, Inc., Mansfield, MA).

A software program was developed utilizing the 
Microsoft Visual Basic 6 programming lan-
guage, Microsoft Access Database 2007 
(Access) database management system, and 
Universal Library components from the elec-
tronic board (http://www.mccdaq.com/daq-
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Figure 1. Effects of the PI3Kδ inhibitor idelalisib on 
O2 consumption by small intestine, large intestine, 
thymus, liver, and lung. Representative experiments 
are shown. Each run represented tissue specimen 
that was collected from C57BL/6 mouse and pro-
cessed immediately for measuring cellular respira-
tion in the presence of 10 µM idelalisib or 1.6 µL 
DMSO. Rate of respiration (k, µM O2 min-1) was the 
negative of slope of [O2] vs. t. The values of kc (µM 
O2 min-1 mg-1) are shown at the bottom of each run. 
The lines are linear fit. The addition of cyanide (CN) 
halted the decline of O2 concentration, confirming 
O2 was consumed in the mitochondrial respiratory 
chain. The addition of glucose oxidase (GO, cata-
lyzes D-glucose + O2 → D-glucono-δ-lactone + H2O2) 
depleted remaining O2 in the solution.
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software/universal-library.aspx). The program 
permitted direct analysis of inputs from the 
PCI-DAS 4020/12 I/O Board. A relational data-
base was developed to store pulse metadata 
and slopes. The pulse was identified by detect-
ing 10 phosphorescence intensities above a 
default voltage. Pulse peak was identified by 
detecting the highest phosphorescence inten-
sities within a pulse and choosing the data 
point closest to pulse decay [21].

The phosphorescence decay was a single expo-
nential (R2 > 0.900); the phosphorescence 

intensity (I) was expressed as: I = Ae-t/τ. O2 con-
centration was determined as a function of 
time from the phosphorescence decay rate 
(1/τ) of Pd phosphor. The values of 1/τ were lin-
ear with dissolved O2 concentration (1/τ = 1/τo 
+ kq[O2]); where 1/τo = phosphorescence decay 
rate in the absence of O2; kq = the second-order 
O2 quenching rate constant in sec-1·μM-1 [20].

System calibration was performed using the 
glucose/glucose oxidase system as previously 
described [19, 20]. (Glucose oxidase catalyzes 
the reaction: D-glucose + O2 → D-glucono-δ-

Figure 2. Effects of idelalisib on respiration of isolated mitochondria from mouse liver. Results of four separate ex-
periments are shown. The reaction contained 1.0 mL of 0.1 M Tris/MOPS (pH 7.4), 3 µM Pd phosphor, 1.0 mM glu-
tamate/malate, 1.0 mM ADP, 0.5% fat-free albumin, 20 µL mitochondrial suspension, and 10 µM idelalisib (treated 
condition) or 1.6 µL DMSO (control condition). Cyanide (CN) inhibited respiration, confirming O2 was consumed in 
the respiratory chain. Rate of respiration (k, µM O2 min-1) was the negative of the slope of [O2] vs. t. The values of k 
are shown.
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lactone + H2O2). The calibration (O2 consuming) 
reaction contained phosphate-buffered saline 
supplemented with 3 µM phosphor, 0.5% fat-
free albumin, 50 µg/mL glucose oxidase, and 0 
to 500 µM β-glucose. The values of 1/τ were 
linear for β-glucose concentrations from 0 to 
250 µM (R2 = 0.8515); the value of kq (101.1 
sec-1·μM-1) was set as the negative of the slope 
of 1/τ vs. [β-glucose] plot [20]. The value of 1/τ 
for air-saturated solution (in the absence of glu-
cose) was 28,330 sec-1 (coefficient of variation 
= 10%) and for O2-depleted solution (in the 
presence of 500 µM β-glucose, i.e., 1/τo) was 
2,875 sec-1 (coefficient of variation = 1%). 
Oxygen concentration (in µM) was set as: [O2] = 
(1/τ – 2,875) ÷ 101.1 [19].

Cellular respiration was measured at 37°C in 
1-mL sealed glass vials. Mixing was performed 
with the use of a parylene-coated stirring bar. 
In these air-sealed vials, [O2] decreased linearly 
with time, indicating a zero-order kinetics. The 
rate of respiration (k, in μM O2 min-1) was the 
negative of the slope d[O2]/dt; it was normal-
ized by the specimen weight and expressed in 
(kc) µM O2 min-1 mg-1. For cellular respiration 
(Figure 1), the respiratory substrates were 
endogenous cellular metabolic fuels and glu-
cose in the RPMI. For mitochondrial respiration 
(Figure 2), the respiratory substrates were 
endogenous metabolic fuels and glutamate 
and malate in the mitochondrial suspension. 

Liver caspase activity

Intra-hepatocyte caspase activity was mea-
sured as previously described [17, 23]. Briefly, 
liver fragments were incubated at 37°C in RPMI 
containing 37 µM Ac-DEVD-AMC (caspase-3 
substrate) with and without 32 µM zVAD (pan-
caspase inhibitor) for 60 min. The control reac-
tions were 37 µM Ac-DEVD-AMC and 0.2 µg 
recombinant human active caspase-3 with and 
without 32 µM zVAD. Specimens were disrupt-
ed by vigorous homogenization and their super-
natants were collected by centrifugation 
(16,300 g for 90 min) through a Microcentrifuge 
Filter (m.w. limit = 10,000 Dalton, Sigma©). The 
solutions were diluted 20 fold in RPMI, sepa-
rated on HPLC, and analyzed for the free fluoro-
genic AMC moiety. Reversed-phase HPLC sys-
tem (Shimadzu i-Series, Japan) was used. 
Ultrasphere IP column (4.6 × 250 mm) was 
operated at 25°C and a flow rate of 1.0 mL/
min. Solvent A was dH2O and solvent B was 
HPLC-grade methanol (isocratic at 0.5 mL/min 
of each solvent). Run time was 30 min and 
injection volume 5 µL. Excitation wave length 
was 380 nm and emission wavelength 460 nm.  

Histology and immunoperoxidase staining with 
annexin A2 and cytochrome c

Liver and lung fragments were fixed in 10% 
neutral formalin, dehydrated in increasing con-

Table 1. Effects of the PI3Kδ inhibitor idelalisib on cellular 
respiration

Drug  
Concentration

kc (µM O2 min-1 
mg-1)

Inhibition 
(%) P

Liver 0 0.71 ± 0.19 (21) - -
10 µM 0.57 ± 0.11 (24) 20 0.028

Lung 0 0.15 ± 0.06 (21) - -
10 µM 0.11 ± 0.05 (21) 27 0.016

Small intestine 0 0.88 ± 0.29 (11) - -
10 µM 0.88 ± 0.16 (10)  0 0.973

Large intestine 0 0.82 ± 0.35 (6) - -
10 µM 0.78 ± 0.28 (8) 5 0.755

Thymus 0 0.31 ± 0.15 (6) - -
10 µM 0.34 ± 0.07 (6) 0 0.394

Spleen 0 0.52 ± 0.09 (4) - -
10 µM 0.50 ± 0.11 (8) 4 0.933

Kidney 0 0.63 ± 0.02 (4) - -
10 µM 0.68 ± 0.13 (8)  0 0.570

Tissue fragments were collected from C57BL/6 mice and immediately 
processed for measuring cellular respiration in RPMI with and without the 
designated drugs. The values of kc are mean ± SD (n).

Cyanide inhibited respiration, con-
firming O2 was consumed in the 
mitochondrial respiratory chain. In 
addition, the mitochondrial uncou-
pler carbonilcyanide p-triflourome-
thoxyphenylhydrazone (FCCP) in- 
creased the rate of cellular respira-
tion [25].

Isolating liver mitochondria

Mitochondria were isolated from 
C57BL/6 mouse liver as previously 
described, except the homogeniza-
tion solution was 0.25 M sucrose 
[22]. The O2 consumption reaction 
(final volume, 1.0 mL) contained 
0.1 M Tris/MOPS (pH 7.4), 3 µM Pd 
phosphor, 0.5% fat-free albumin, 
1.0 mM glutamate/malate, 1.0 mM 
ADP, 20 µL mitochondrial suspen-
sion, and 10 µM idelalisib (treated 
condition) or 1.6 µL DMSO (control 
condition).
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centrations of ethanol, cleared with xylene and 
embedded in paraffin. Tissue sections were 
prepared from paraffin blocks, stained with 
hematoxylin and eosin, and immunostained for 
annexin A2 (1:200 dilution) and cytochrome c 
(1:500 dilution) as previously described [17]. 
The immunostaining intensity of annexin A2 
was assessed using a manual scoring method: 
strong (3+), moderate (2+), weak (1+), or nega-
tive (0). A score of 0 or 1+ was defined as low 
annexin A2 immunostaining and a score or 2+ 
or 3+ was defined as high annexin A2 immu-
nostaining. The percentage of positive cells 
was also noted [24]. Cytochrome c immunos-
taining was also assessed as normal pattern of 
expression (positive in a few bronchiolar, alveo-
lar epithelial cells, and alveolar macrophages) 
vs. abnormal.

Statistical analysis

Data were analyzed on SPSS statistical pack-
age (version 19), using the nonparametric (2 
independent samples) Mann-Whitney test. 
P-values < 0.05 were considered significant.

Results

Idelalisib reduces the rates of liver and lung 
cellular respiration

Figure 1 shows representative runs of cellular 
mitochondrial O2 consumption by small intesti-
nal, large intestinal, thymic, liver, and lung 
specimens in the presence and absence of ide-
lalisib. Each run represented a tissue fragment 
that was collected from the organ, immersed in 
RPMI, and then immediately placed in the oxy-

Figure 3. Effects of idelalisib on liver caspase activity. Liver fragments were incubated at 37°C in 25 mL RPMI (in-
termittently gassed with 95% O2: 5% CO2) with 42 µL DMSO or 10 µM idelalisib for 4 h. Specimens were then trans-
ferred to the Ac-DEVD-AMC (caspase-3 substrate) cleavage reaction in the presence and absence of zVAD (pancas-
pase inhibitor) as described in methods. Supernatants of the tissue homogenates were separated on HPLC and 
analyzed for released AMC moieties (retention time, Rt = 3.44 min). One representative of two separate experiments 
is shown. (A) Ac-DEVD-AMC alone (Rt = ~1.5 min). (B) Ac-DEVD-AMC plus recombinant human active caspase-3. (C-
D) (experiment I): Ac-DEVD-AMC and liver fragments treated with DMSO (C) or idelalisib (D).
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gen vial for measuring cellular respiration at 
37°C in RPMI with 10 µM idelalisib or 1.6 µL 
DMSO. The rate of respiration (kc) was set as 
the negative of the slope of [O2] vs. t plots and 
expressed in µM O2 min-1 mg-1. The addition of 
cyanide halted the decline in O2 concentration, 
confirming the process occurred in the mito-
chondrial respiratory chain.  The addition of glu-
cose oxidase (catalyzes: D-glucose + O2 → 
D-glucono-δ-lactone + H2O2) depleted remain-
ing O2 in the solution.

A summary of all results is shown in Table 1. 
The rate of liver cellular respiration (kc, mean ± 
SD) without addition was 0.71 ± 0.19 (n = 21 
mice) and with the addition of 10 µM idelalisib 
was 0.57 ± 0.11 (a 20% decrease, n = 24 mice, 
P = 0.028). The value of kc for untreated lung 
fragments was 0.15 ± 0.06 (n = 21 mice) and 
for treated lung fragments was 0.11 ± 0.05 (a 
27% decrease, n = 21 mice, P = 0.016). In con-

trast, cellular respiration in the small intestine, 
large intestine, thymus, spleen, and kidney 
specimens was unaffected by the idelalisib 
treatment (P ≥ 0.394). Thus, idelalisib exhibited 
a selective suppressive effect on hepatocyte 
and pneumatocyte respiration. The drugs had 
no effects on cellular respiration in the other 
studied organs.

Idelalisib does not directly inhibit mitochon-
drial respiratory chain complexes

The following experiments were performed to 
study whether idelalisib acted on the respirato-
ry chain complexes. Mitochondria were isolated 
from mouse liver and their rates of O2 consump-
tion (k, µM O2 min-1) was measured in the pres-
ence and absence of 10 µM idelalisib. The 
respiratory substrates were glutamate and 
malate. The value of k without idelalisib was 8.7 
± 0.9 and with idelalisib was 8.6 ± 0.5 (n = 4 

Figure 4. Liver histology and immunoperoxidase staining with annexin A2 and cytochrome c. Liver fragments were 
incubated at 37°C in 25 mL RPMI (intermittently gassed with 95% O2: 5% CO2) with 42 µL DMSO or 10 µM idelalisib 
for 4 h. Specimens were then stained with H&E and immunostained with annexin A2 and cytochrome c.
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mice, P = 0.886), Figure 2. Thus, idelalisib did 
not inhibit metabolic oxidations in the respira-
tory chain.

Idelalisib treatment does not activate hepato-
cyte caspases

The following experiments were performed to 
determine whether idelalisib induces hepato-
cyte apoptosis. The cleavage of Ac-DEVD-AMC 
(a caspase-3 substrate analogue) was mea-
sured in liver fragments following exposure to 
DMSO or 10 µM idelalisib for 4 h. The specimen 
extracts were then separated on HPLC and 
analyzed for released AMC moieties; one repre-
sentative of two separate experiments is shown 
in in Figure 3C, 3D. The AMC peak areas (arbi-
trary unit mg-1 ÷ 103) in untreated samples 
were 49 and 33 and in treated samples were 
40 and 42. Thus, idelalisib treatment did not 
activate hepatocyte caspases. It is worth not-

ing that the AMC area decreased by 58 ± 10% 
by the pancaspase inhibitor zVAD, confirming 
cleavage was mediated by caspases (Figure 3).

Preserved liver and lung architectures in the 
presence of idelalisib

The following experiments were performed to 
study liver and lung histology following expo-
sure to DMSO or 10 µM idelalisib for 4 h. 
Compared to 0 h, the liver and lung structures 
were relatively preserved at 4 h in treated and 
untreated specimens (Figures 4, 5). For both 
conditions, however, increased hepatocyte vac-
uolization, single apoptotic cells, and promi-
nent Kupffer cells were noted at 4 h (Figure 4). 
The incubation also resulted in a mild increase 
in alveolar macrophages (Figure 5). Thus, ide-
lalisib treatment did not alter the liver and lung 
morphology.  

Figure 5. Lung histology and immunoperoxidase staining with annexin A2 and cytochrome c. Lung fragments were 
incubated at 37°C in 25 mL RPMI (intermittently gassed with 95% O2: 5% CO2) with 42 µL DMSO or 10 µM idelalisib 
for 4 h. Specimens were then stained with H&E and immunostained with annexin A2 and cytochrome c. 
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Idelalisib treatment does not alter the expres-
sion of annexin A2 and cytochrome c

Two apoptotic biomarkers, annexin A2 and 
cytochrome c were then studied. At 0 h, annex-
in A2 staining was negative (0) in hepatocytes 
and positive in sinusoids (internal control). At 4 
h, in treated and untreated specimens, annexin 
A2 staining was positive (3+) in about 5% of 
hepatocytes, especially those in apoptosis 
(Figure 4). Similarly, at 0 h, cytochrome c stain-
ing was negative in hepatocytes. At 4 h, in treat-
ed and untreated specimens, cytochrome c 
staining was positive in hepatocytes, showing 
moderate expression in background hepato-
cytes and strong  expression in apoptotic cells 
(Figure 4).

At 0 and 4 h (untreated specimen), annexin A2 
staining was positive (1+) in alveolar macro-
phages and a few pneumocytes. At 4 h (treated 
specimen), annexin A2 staining was mildly 
increased (2+) in pneumocytes compared to 
untreated specimen at 4 h (Figure 5). 
Cytochrome c staining was similar in all condi-
tions, showing positivity in a few bronchiolar, 
alveolar epithelial cells, and alveolar macro-
phages (Figure 5).

Discussion

This study investigated the effects of disrupting 
PI3Kδ signals on cellular respiration in vital 
murine organs.  Idelalisib significantly lowered 
liver (P = 0.028) and lung (P = 0.016) respira-
tion, Table 1. These findings may be relevant to 
the Boxed Warning regarding idelalisib liver and 
lung toxicities [6]. In contrast, cellular mito-
chondrial O2 consumption in five other tissues 
(thymus, spleen, small intestine, large intes-
tine, and kidney) was unaffected by the idelal-
isib treatment, P ≥ 0.394. It is worth noting, 
however, that the drug exposure was relatively 
short (about one hour) and the dose was fixed 
(10 µM). Due to these limitations, it is unknown 
whether a longer exposure time or a higher dos-
ing would produce changes in these organs.

Methods for isolating mitochondria from murine 
liver and for measuring intra-hepatocyte cas-
pase activity are well described [17, 22, 23]. 
These approaches are used here to investigate 
potential direct effects of idelalisib on the res-
piration in isolated mitochondria and the intra-
cellular caspase activity. Idelalisib did not alter 

metabolic oxidations in the respiratory chain of 
mitochondria isolated from the liver (Figure 2). 
Thus, the mildly decreased cellular respiration 
observed in the liver and lung is likely related to 
the known role of mTOR signaling in normal cel-
lular metabolism (e.g., nutrient transport) rath-
er than a direct mitochondrial effect [9-11]. 
Blocking mTOR prevents glucose uptake, thus, 
reducing glucose-driven cellular mitochondrial 
O2 consumption. In contrast, respiration in iso-
lated mitochondria, driven by the added gluta-
mate/malate, is unaffected by idelalisib. Hepa- 
tocyte caspase activity (Figure 3), liver and lung 
architectures (Figures 4, 5), and annexin A2 
and cytochrome c expressions (Figures 4, 5) 
were unaltered in the presence of 10 µM idelal-
isib for 4 h. Thus, this longer treatment did not 
induce apoptosis in these organs.

Idelalisib is a highly selective and potent inhibi-
tor of p110δ, with a half-maximal inhibitory con-
centration against the recombinant enzyme of 
8 nM [4, 5]. In one study, the drug exhibited rea-
sonable antitumor activities against hemato-
poietic malignancies from patients, expressed 
as percentage EC50 (half-maximal effective con-
centration) relative to 10 µM (the maximum 
drug concentration used) for each cell type 
[12]. The same concentration (10 µM) is used 
here for testing against the studied murine 
organs (Table 1).

In B-cell malignancies, idelalisib also reduced 
Akt phosphorylation, increased poly(ADP-ribo- 
se) polymerase, activated caspases, and indu- 
ced apoptosis. In murine PDGF (platelet-derived 
growth factor)-stimulated fibroblasts, 10 µM 
idelalisib reduced Akt phosphorylation by 25%. 
By comparison, the drug blocked PI3K signaling 
in malignant B-cell lines and primary patient 
tumor cells following cell incubation with 1.0 
µM drug for one hour [5].

PI3Kδ has been shown to control intracellular 
pro-inflammatory cytokines (e.g., trafficking of 
tumor necrosis factor-α in macrophages) [12]. 
In one study, blocking PI3Kδ reduced stroke-
associated neuroinflammation. The protective 
mechanism was linked to preventing glucose 
supply during reperfusion, i.e., blocking the 
metabolic fuel for aerobic metabolism [13]. 
These results support a role of PI3Kδ in control-
ling cellular respiration (aerobic metabolism) in 
certain organs, including the liver that express-
es the delta isoform.
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The intestinal toxicity of idelalisib is likely due to 
B cell depletion, similar to the well-known coli-
tis associated with rituximab treatment [14, 
15]. Certainly, the combination of idelalisib and 
rituximab increases the frequency and severity 
of this adverse event [6].  

It worth noting that the idelalisib-induced B cell 
death has been linked to the high expression of 
delta subunit in hematopoietic tissue [2, 3]. 
Delta subunit activity has been demonstrated 
in the liver (personal communication with 
Gilead Sciences); the hepatotoxicity of idelalis-
ib, however, has not been attributed to delta 
subunit expression in this organ. Similarly, the 
mechanisms of other tissue-specific toxicities, 
such as that of the lung have yet to be fully elu-
cidated. The intestinal toxicities, on the other 
hand, are likely due to B cell depletion, similar 
to that of rituximab [14, 15]. Intestinal cellular 
respiration is unaltered by idelalisib (Figure 1).

The results here show decreased cellular respi-
ration in organs demonstrating tissue-specific 
drug toxicities (the liver and lung). Lower cellu-
lar respiration implies a defect in any of the fol-
lowing processes: delivering nutrients and O2 to 
the mitochondria, oxidation of reduced meta-
bolic fuels, passage of electrons to O2, and syn-
thesis of ATP. These processes are linked to 
mTOR signaling in normal tissues [9-11]. As 
shown in Figure 2, idelalisib does not inhibit O2 
consumption in isolated mitochondria. Thus, 
the drug does not directly interfere with oxida-
tions in the respiratory chain.  

In this study, idelalisib was added directly to the 
tissue rather than dosing the mice. Therefore, 
more clinically relevant, in vivo studies are 
needed to overcome this potential limitation.

In conclusion, the results show the PI3Kδ inhib-
itor idelalisib lowers hepatocyte and pneumato-
cyte respiration. The drug, however, has no 
effects on cellular respiration in the other stud-
ied organs. Idelalisib treatment does not alter 
respiratory chain activities in isolated mito-
chondria. The drug does not induce morpho-
logic changes or apoptosis in liver and lung tis-
sues. The results may also support the use of 
cellular respiration as a surrogate biomarker 
for the activities and adverse events of PI3K 
inhibitors [16].  
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