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ABSTRACT 24 
Pulmonary arterial hypertension is a complication of methamphetamine use (METH-PAH) 25 
but the pathogenic mechanisms are unknown.   Given that cytochrome P450 2D6 26 
(CYP2D6) and carboxylesterase 1 (CES1) are involved in metabolism of METH and other 27 
amphetamine-like compounds, we postulated that loss of function variants could contribute 28 
to METH-PAH. While no difference in CYP2D6 expression was seen by lung 29 
immunofluorescence, CES1 expression was significantly reduced in endothelium of METH-30 
PAH microvessels.  Mass spectrometry analysis showed that healthy pulmonary 31 
microvascular endothelial cells (PMVECs) have the capacity to both internalize and 32 
metabolize METH.  Furthermore, whole exome sequencing data from 18 METH-PAH 33 
patients revealed that 94.4% of METH-PAH patients were heterozygous carriers of a single 34 
nucleotide variant (SNV, rs115629050) predicted to reduce CES1 activity. PMVECs 35 
transfected with this CES1 variant demonstrated significantly higher rates of METH-induced 36 
apoptosis.  METH exposure results in increased formation of reactive oxygen species 37 
(ROS) and a compensatory autophagy response. Compared to healthy cells, CES1-38 
deficient PMVECs lack a robust autophagy response despite higher ROS, which correlates 39 
with increased apoptosis.  We propose that reduced CES1 expression/activity could 40 
promote development of METH-PAH by increasing PMVEC apoptosis and small vessel 41 
loss. 42 
Words: 185 (200 Max) 43 
 44 
 45 
 46 
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 47 
 48 
INTRODUCTION 49 
Pulmonary Arterial Hypertension (PAH) is a life-threatening disease characterized by 50 
abnormally elevated pulmonary pressure and right heart failure with a median survival of 3 51 
years after diagnosis (20).  Lung pathology in PAH patients is characterized by marked 52 
loss of distal pulmonary microvessels and severe obliterative vasculopathy, which 53 
progressively overwhelms the capacity of the right heart to pump venous blood into the 54 
lungs (43).   Current treatments include vasodilatory drugs that help palliate symptoms but 55 
fail to prevent disease progression, leaving lung transplantation as the only therapy for 56 
patients with end-stage PAH (18).   57 
 58 
Available evidence supports a key role for interaction between genes and environment in 59 
triggering PAH in susceptible individuals.   This is the case for PAH associated with 60 
exposure to certain drugs and toxins, where patients develop a clinical and pathological 61 
picture that is indistinguishable to other forms of PAH (1, 5, 47).    The 2015 ESC/ERS 62 
guidelines now recognize 16 different compounds associated with PAH, which range from 63 
FDA approved therapies (e.g. mitomycin, dasatanib) to illicit stimulants such as 64 
methamphetamine (METH) (19).  Methamphetamine is a highly addictive compound 65 
whose popularity among young and middle age adults has steadily increased worldwide in 66 
the past decade.  In addition to being a potent neurostimulant, METH can also affect other 67 
organs such as the kidneys, brain and liver, resulting in severe organ dysfunction and 68 
premature death (21).  While METH use is associated with a higher incidence of 69 
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cardiovascular disease such as ischemic cardiomyopathy, arrhythmias and myocardial 70 
infarction, it is only recently that PAH has been recognized as a life-threatening 71 
complication of METH use.  The association between inhaled METH use and PAH was 72 
first reported by Schaiberger et al. and further supported by a retrospective study by Chin 73 
et al. that found significantly higher rates of METH use in patients diagnosed with 74 
idiopathic PAH (IPAH) when compared to other PAH groups (10, 51). PET studies have 75 
shown that [(11)C] d-METH administered intravenously localizes primarily in the lung 76 
tissue, suggesting that the lung is a primary target for METH related injury (58).  On the 77 
basis of these studies, METH use was included in the most recent clinical classification of 78 
pulmonary hypertension as a likely risk factor in drug and toxin induced PAH (D+T PAH) 79 
(20).   80 
 81 
While the true incidence and prevalence of METH-PAH in the US is unknown, we have 82 
seen a disturbing increase in the number of METH-PAH cases diagnosed at the Stanford 83 
Adult Pulmonary Hypertension Clinic over the last ten years.  At present, 85% of our D+T 84 
PAH patients carry a diagnosis of METH-PAH and their median 5-year survival is 85 
estimated at 35% (R. Zamanian, personal communication), which is significantly worse 86 
compared to that of IPAH patients.  Despite the current clinical evidence, it must be 87 
emphasized that not all patients with a history of METH use develop PAH.  Similar to 88 
patients with familial and sporadic PAH, it is possible that variations in certain genes may 89 
be required to trigger PAH in a subset of METH users but no gene candidates have been 90 
established in any study to date.    91 
 92 
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Two major liver enzyme families carry out metabolism of most amphetamine derivatives: 93 
the cytochrome P450 2D6 (CYP2D6) and carboxylesterase 1 (CES1). CYP2D6 is an 94 
isoenzyme belonging to the cytochrome P450 family required for phase 1 metabolism of a 95 
wide range of drugs.  CES1 is a key enzyme in the detoxification of illicit toxins such as 96 
cocaine and heroin as well as FDA approved drugs such as methylphenidate (Ritalin), an 97 
amphetamine-derived drug used in the treatment of attention deficit disorders (28, 62). 98 
Polymorphisms that reduce expression and/or activity of either enzyme can affect the rate 99 
of drug metabolism and result in chronic organ injury (6, 13, 39, 55, 65) (32), but whether 100 
this could also be linked to METH induced pulmonary vascular injury is unknown.  On the 101 
basis of these findings, we speculated that loss of function of CYP2D6 and/or CES1 could 102 
increase risk of PAH in METH users. Here, we present for the first time evidence that 103 
pulmonary endothelial cells can metabolize METH and have identified CES1 as a 104 
candidate gene required for protecting the pulmonary endothelium against METH-related 105 
injury.  106 
 107 
 108 
 109 
 110 
 111 
 112 
 113 
 114 
 115 
 116 
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 122 
METHODS 123 

 Lung Tissue and Cell Culture 124 
Lung tissue from healthy donors and METH-PAH patients was obtained via the 125 
Cardiovascular Medical Education and Research Fund–Pulmonary Hypertension 126 
Breakthrough Initiative (CMREF-PHBI).  Healthy donor PMVECs were obtained from the 127 
CMREF-PHBI and a commercial source (Promocell, Germany, cat# C-12282).  All cells 128 
were grown in EC media (ScienCell, Carlsbad, CA, cat# 1001) with growth supplements 129 
and used between passages 4-8.   Methamphetamine was purchased from Sigma-Aldrich 130 
(St. Louis, MO, cat# M8750).  A METH concentration of 5mM was chosen after conducting 131 
dose response studies on healthy PMVECs.  To control for the different growth rates of 132 
PMVECs between experimental groups (siCES1/siCYP2D6 vs. siControl) cells were 133 
seeded into culture plates two hours before METH exposure in all in vitro experiments. 134 
 135 
Immunofluorescence 136 
Lung tissue from healthy donors, METH-PAH, IPAH, cystic fibrosis (CF), and idiopathic 137 
pulmonary fibrosis (IPF) patients were obtained from explanted lungs at the time of 138 
transplant or during autopsy and embedded in paraffin blocks or OCT. Paraffin-embedded 139 
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tissue sections were treated with xylene followed by serial dilutions of ethanol.  The 140 
sections were then put into a beaker of boiling citrate buffer for 10 minutes. After the 141 
sections had cooled to room temperature, they were washed in PBS buffer. The slides 142 
were then incubated with diluted normal goat blocking serum, followed by incubation 143 
overnight with anti-CES1 (a kind gift of Dr. Bruce Hammock as described (67)), CD31 144 
(LSBio, Seattle, WA,  cat# B4737), or anti-CYP2D6 (Abcam, Boston, MA cat# 185625) 145 
primary antibody in a humidity chamber at 40C. The following day, the sections were 146 
washed three times for 5 minutes each in PBS then incubated for 1 hour with Alexa Fluor 147 
488/594 conjugated secondary antibody (Thermo-Fisher, Waltham, WA.  Following 148 
treatment with antifade reagent with DAPI (Cell Signaling, Danvers, MA, cat# 8961S), the 149 
slides were mounted and sealed.   150 
 151 
Liquid Chromatography-Mass Spectrometry (LC-MS) 152 
A unified LC-UV-MS method was used for structural elucidation of methamphetamine 153 
metabolites, using an 1100 series HPLC-UV (Agilent Technologies) integrated with an 154 
LTQ XL ion trap mass spectrometer (Thermo Fisher Scientific).   Extraction procedure:  155 
300 μL ice cold methanol was added to 100μl cell suspension. Solutions were sonicated, 156 
centrifuged, and the supernatant was removed and evaporated to dryness under nitrogen. 157 
The extract was reconstituted in 100μL of water, and 10μl was injected onto the HPLC 158 
column.  Liquid chromatography (LC): Chromatography was performed on a 250 x 2.1 mm 159 
Polaris 5 C18-A column (Varian), using 0.1% formic acid in acetonitrile (B) and 0.1% 160 
formic acid in water (A) and eluting with a linear gradient from 0% B to 50% B in 25 161 
minutes followed by increase to 95% B in 7 minutes.  Total run time was 37 minutes. Flow 162 
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rate was 250 μL/min and UV detection was at 214 nm.    Mass Spectrometry: MS2 data for 163 
structural elucidation were acquired using heated electrospray ionization with 164 
positive/negative ion switching using full scan acquisition (110 – 600 m/z mass range) and 165 
data dependent acquisition in dynamic exclusion mode. Collision induced dissociation 166 
(CID) channel was set up for monitoring hydroxymethamphetamine metabolites 167 
(m/z=166.2 Da; isolation width 2 m/z).   168 
 169 
 170 
Patient Selection and DNA Extraction  171 
Written informed consent for this study was obtained in agreement with protocols 172 
approved by the institutional review boards (IRB# 5443) at Stanford University. METH-173 
PAH was defined as PAH with no identifiable cause with a mean pulmonary arterial 174 
pressure (mPAP) greater than or equal to 25 mm Hg at rest, pulmonary artery wedge 175 
pressure (PAWP) less than or equal to 15 mm Hg and a pulmonary vascular resistance 176 
(PVR) greater than 3 Wood Units (WU)(2). Significant METH exposure was considered if 177 
the patient reported greater than a 3-month history of weekly METH use and reported no 178 
use of other stimulants associated with PAH. Genomic DNA was purified from buffy coat 179 
samples obtained from whole blood using the Ficoll extraction method and the Qiagen 180 
DNeasy kit following the manufacturer’s protocol. 181 
 182 
Whole Exome Sequencing 183 
WES samples were prepared as an Illumina sequencing library, and in the second step, 184 
the sequencing libraries were enriched for the desired target using the Illumina Exome 185 
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Enrichment protocol. The captured libraries were sequenced in an Illumina HiSeq 2000 186 
Sequencer (Illumina Inc., San Diego, CA) using paired-end 75- to 100-bp sequences. 187 
Samples were sequenced to at least 125-fold (3125) sequence coverage. Raw sequence 188 
reads were aligned to human reference sequence hg19 using SAM/BAM. Sequencing 189 
data were analyzed using ANNOVAR software (openbioinformatics.org).  A list of CYP2D6 190 
and CES1 candidate variants was prepared by selecting variants predicted to result in 191 
nonsynonymous protein-coding changes (missense, nonsense) and confirmed using 192 
Sanger sequencing.  Given that all METH-PAH patients were Caucasians, we used the 193 
minor allele frequency (MAF) for European (non Finnish) whites reported in the latest 194 
version of the ExAC browser.    195 
 196 
Allelic Discrimination qPCR 197 
Genomic DNA was isolated from patient lung tissue embedded in paraffin using the 198 
QIAmp DNA FFPE Tissue Kit from Qiagen (Qiagen, Valencia, CA, Cat# 56404).  First, 199 
three 10 μm sections were cut from paraffin block using a microtome then placed in 1 ml 200 
xylene, then DNA extraction was achieved by following the manufacture’s instructions.  201 
Real-time PCR for CES1 SNP rs115629050 was performed using Taqman assays 202 
(Applied Biosystems, Foster City, CA,  Cat# 4331349, Assay ID# AHMSYGO) on an 203 
ABI7500 PCR machine. Each reaction contains 11.25 μL isolated gDNA (~20ng), 12.5 μL 204 
PCR master mix (2x) and 1.25 μL TaqMan SNP probe (20x). The PCR reaction is 50 205 
cycles of: step one 92oC for 15 seconds and step two 60oC for 1 minute, with an initial step 206 
of 95°C for 10 minutes.  The StepOne Plus software generated the Allelic Discrimination 207 
Plot with the 2-Cluster Calling enabled. 208 
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 209 
CES1 Activity Assay  210 
CES1 activity in peripheral blood mononuclear cells (PBMCs) was performed using the 211 
CES1 Specific Activity Assay Kit (Abcam, Boston, MA, cat#109717) following the 212 
manufacturer’s protocol.  Briefly, cells were pelleted and lysed with RIPA buffer.  After 213 
measuring protein concentration using the BCA protein assay (Thermo-Fisher, Waltham, 214 
WA), samples were loaded on a 96 well plate coated with an antibody against CES1 and 215 
incubated for 3 hours at room temperature with gentle shaking.  After washing, CES1 216 
enzyme activity was measured by adding 200l of a 1 mM 4-nitrophenol (4-NP) solution 217 
was loaded into each well followed by measurement of absorbance at 402nm at 15 minutes 218 
using a Promega spectrophotometer.  CES1 quantity per well was measured by incubating 219 
with an anti-CES1 HRP tagged antibody for one hour followed by addition of DAB and 220 
measurement of absorbance at 600nm via spectrophotometer.  Results are expressed as 221 
CES1 activity relative to quantity.   222 
 223 
Western Immunobloting 224 
PMVECs were washed twice with ice-cold 1 × PBS, and lysates were prepared by adding 225 
lysis buffer (1XRIPA and 1mM PMSF), scraping into a 1.5-ml microcentrifuge tube, and 226 
vortex homogenized before centrifugation. Supernatants were transferred to fresh 227 
microcentrifuge tubes and stored at -80° C. The protein concentration was determined by 228 
the BCA assay (Thermo-Fisher, Waltham, WA). Equal amounts of protein were loaded onto 229 
each lane of a 4 – 12% Bis-Tris gel and subjected to electrophoresis under reducing 230 
conditions. After blotting, PVDF membranes were blocked for 1 h (5% milk powder in 0.1% 231 
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PBS/Tween) and incubated with primary antibodies overnight at 4 °C.  Bands were 232 
visualized using ECL (Thermo-Fisher, Waltham, WA) and loading was assessed with α-233 
tubulin (Sigma-Aldrich, St. Louis, MO).  Some western blot images show only the relevant 234 
lanes while those not associated with the current study have been removed.  However, all 235 
grouped samples were run on the same gel. 236 
 237 
CES1 and CYP2D6 siRNA Transfection  238 
To achieve gene knockdown, 2μM siRNA against CES1 (GE Dharmacon cat# L-009051-239 
00), CYP2D6 (ThermoFisher siRNA ID# s3834), or non-targeting siRNA control (GE 240 
Dharmacon cat# D-001810-10-05) were transfected into healthy PMVECs (Promocell, 241 
Germany, cat# C-12282).   Knockdown efficiency of CES1 and CYP2D6 were evaluated 242 
72 hours after nucleofection by measuring protein levels in cell lysates via Western blot.  243 
Transfection was performed using a Nucleofector 2b Device (program T-23) with the Basic 244 
Endothelial Cell Nucleofection kit (Lonza, Switzerland, cat# VPI-1001).  All experiments 245 
were performed 72 hours after nucleofection. 246 
 247 
Caspase 3/7 Apoptosis Assay 248 
50μl of Caspase Glo-3/7 (Promega Cat# G8091) was added into each sample at a 1:1 249 
ratio with culture medium and incubated in dark for 1 hour. The luminescence of each 250 
sample was measured in a plate reader Promega GloMAx luminometer (Promega, 251 
Madison, WI, Cat# E9032) following the manufacturer’s protocol and normalized to 252 
media+Glo-3/7 without cells.  253 
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 254 
CES1 plasmids and transfection methods 255 
Plasmids encoding the full length CES1 and control blank were purchased from OriGene 256 
(Rockville, MD) and a mutant construct containing the CES1 rs115629050 SNV was 257 
generated using in situ mutagenesis (Mutagenex, Suwanee, GA).  Transfection of plasmids 258 
was performed using a Nucleofector 2b Device (program T-23) with the Basic Endothelial 259 
Cell Nucleofection kit. All experiments were performed 24 hours after nucleofection. 260 
 261 
CellROX Assay for Reactive Oxygen Species 262 
PMVECs were plated at 1.0 x 104 cells per well on eight-well EZ chamber slides (Millipore, 263 
Germany) and cultured overnight.  Four hours after addition of METH, the cells were 264 
rinsed with 1X PBS once and treated with 5 µM CellROX® Green Reagent (Thermo-Fisher, 265 
Waltham, WA, cat# C10444) for 30 minutes at 37oC. After incubation, cells were imaged 266 
live on a Leica DMRMII inverted microscope.  267 
 268 
Autophagy Flux Analysis 269 
Autophagy flux was assessed by Western blot analysis of P62 (Novus, Littleton, CO, cat# 270 
H00008878-M01) and LC3-II (Cell Signaling, Danvers, MA, cat# 12741) levels in the 271 
absence and presence of lysosomal blockade, which was specifically accomplished by 272 
incubating cells with 100 nM bafilomycin A1 (Sigma-Aldrich) for 2 hours as previously 273 
described (26). 274 
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 275 
Statistical analysis  276 
The number of samples studied per experiment is indicated in the Figure Legends. Values 277 
from multiple experiments are expressed as mean±SEM. Statistical significance was 278 
determined using unpaired t-test or ordinary one-way ANOVA with Tukey’s multiple 279 
comparison tests unless stated otherwise. A value of P<0.05 was considered significant. 280 
 281 
 282 
 283 
 284 
 285 
 286 
 287 
RESULTS 288 
CES1 exhibits differential expression in pulmonary microvessels of METH-PAH 289 
patients. 290 
While CES1 and CYP2D6 expression is highest in the liver, BioGPS microarray and 291 
Illumina Human BodyMap RNA-seq atlas have shown that mRNA for these two enzymes 292 
is also expressed in lung and circulating peripheral blood mononuclear cells (PBMCs) (25, 293 
31). To assess CES1 and CYP2D6 protein expression in pulmonary arteries, we 294 
performed immunofluorescence (IF) in lung tissue sections from two healthy donors and 295 
four METH-PAH patients obtained at the time of autopsy or transplant. Our studies 296 
demonstrated that CYP2D6 is expressed in the endothelium of small microvessels; 297 
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however, we found no difference in CYP2D6 expression between healthy donor and 298 
METH-PAH lungs (Fig 1A). In contrast, CES1 expression was found to be reduced or 299 
absent in remodeled vessels of all four METH-PAH samples as compared to healthy 300 
patient samples (Fig. 1B).    301 
 302 
To determine whether our findings were specific to METH-PAH, we also performed IF on 303 
lung tissue from patients with IPAH, cystic fibrosis (CF) and idiopathic pulmonary fibrosis 304 
(IPF).   Again, no difference in CYP2D6 expression was found in IPAH (Fig. 2A) or in CF 305 
and IPF lungs (Fig 2B, C).  In contrast, we found that CES1 expression was substantially 306 
reduced in IPAH vascular lesions (Fig. 2D) but not in CF and IPF (Fig. 2E, F).   Our 307 
observation of reduced CES1 expression in IPAH lungs is in agreement with the recent 308 
description of reduced CES1 expression in endothelial cells derived from IPAH inducible 309 
pluripotent stem cells (49).  310 
 311 
Taken together, these studies demonstrate that both CES1 and CYP2D6 are expressed in 312 
pulmonary vessels but only the former appears to be differentially expressed in lungs of 313 
healthy and METH-PAH patients.  As the next step, we sought to determine whether 314 
pulmonary microvascular endothelial cells (PMVECs) have the capacity to metabolize 315 
METH in vitro.    316 
 317 
PMVECs can internalize and metabolize METH  318 
Some cells can metabolize METH into the major metabolites amphetamine and p-319 
hydroxymethamphetamine (p-OHMA) (Fig 3A), as well as other minor metabolites 320 
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(norephedrine, phenylacetone, benzoic acid and hippuric acid) and their intracellular 321 
accumulation may account for the toxicity of the parent compound (9, 53).  To assess 322 
whether healthy human PMVECs have the capacity to metabolize METH, we analyzed cell 323 
media and lysates of METH treated PMVECs for metabolites using LC/MS.  Analysis of 324 
cell media did not identify significant amounts of METH or any known metabolites in either 325 
the treated or non-treated group (data not shown), suggesting internalization and/or 326 
degradation of METH.  However, analysis of cell lysates from METH treated PMVECs 327 
demonstrated at least six hydroxyl isomers of METH, likely including p-OHMA (Fig. 3B).  328 
Of note, no evidence of amphetamine was found. 329 
 330 
While production of p-OHMA by PMVECs is likely driven by CYP2D6, the enzyme 331 
responsible for metabolizing METH in the liver (33), the role of CES1 in METH metabolism 332 
is unclear.  It is important to point out that CES1 is an esterase known to break ester 333 
bonds in molecules; since METH does not have any ester bonds, it is unlikely to serve as 334 
a substrate for CES1.   However, since CES1 was significantly reduced in METH-PAH, we 335 
sought to determine whether CES1 knockdown could affect METH metabolism in 336 
PMVECs.  We reduced CES1 protein levels via siRNA transfection and exposed PMVECs 337 
treated with either control (siCt) or CES1 (siCES1) siRNA to METH for four hours followed 338 
by LC/MS.  We found no difference in the METH metabolite profile of CES1 siRNA treated 339 
PMVECs compared to nontransfected or siCt transfected cells (data not shown).   340 
 341 
It is important to note that our LC/MS only looked at direct METH metabolites (phase I 342 
reaction) and did not capture information regarding other metabolites (e.g. toxic esters) 343 



 16

generated in cells when exposed to METH (36).  Thus, while CES1 is not involved in 344 
phase 1 metabolism of METH, it could be required to neutralize toxic metabolites 345 
produced by METH metabolism.    346 
 347 
 348 
METH-PAH patients demonstrate high prevalence of a potentially pathogenic variant 349 
in CES1. 350 
Patients who carry polymorphisms in CYP2D6 and CES1 that reduce enzymatic activity 351 
are at risk of drug related toxicity due to accumulation of toxic by-products and tissue 352 
damage (15, 62, 63, 65) but whether METH-PAH patients are carriers of potential 353 
pathogenic polymorphisms in these two genes is unknown.  We previously published a 354 
WES study looking at 12 patients with IPAH where we found TopBp1 as a novel gene 355 
modifier in PAH (12).  Since then, we have expanded our WES analysis to include 18 356 
unrelated METH-PAH patients who had undergone a complete diagnostic work-up in our 357 
Pulmonary Hypertension Clinic over a 5 year period, none of which had any family history 358 
of PAH (Table 1).  These patients reported an average weekly use of METH for 10 years 359 
(range: 3 months-25 years) and denied use of other illicit stimulants or anorexinogens.  360 
Our patient population was composed predominantly of females (N=11, 62%) with a mean 361 
age of 47.8±6.7 years and a body mass index (BMI) of 29.5±3.8.  Upon presentation, most 362 
patients where categorized as New York Heart Association (NYHA) functional class III 363 
(44.4%) and had documented mean six-minute walk distance of 486±145 m.   All patients 364 
underwent right heart catheterization that showed an average mean right atrial pressure of 365 
10.3±6.3 mmHg, a mean PAP of 51.8±15.8 mmHg, mean PAWP of 11.4±4.5 mmHg, 366 
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mean cardiac output of 4.2±1.0 L/min and PVR of 10.7±6.0 WU.  367 
 368 
After filtering the WES dataset of METH-PAH patients for synonymous variants, we found 369 
a total 10,072 single nucleotide variants (SNV) and 737 Insertion-deletions (i.e. Indels) 370 
predicted to affect an estimated total of 1,767 genes.  Review of WES data from IPAH and 371 
METH-PAH patients led to the identification of six potentially pathogenic CYP2D6 SNVs, 372 
predicted to produce missense variants in the protein (Table 2).  While clinically significant 373 
reduction in CYP2D6 enzymatic activity has been documented with rs1135840, rs16947 374 
and rs5030867 (54), only the rs1135840 variant was slightly more prominent in METH-375 
PAH (82.3%) compared to IPAH patients (64%).  Regarding CES1, we found five SNVs, 376 
two of which were present in both METH-PAH and IPAH patients (Table 3). While all three 377 
CES1 SNVs fall in highly conserved residues, rs115629050 was exclusively found in 378 
METH-PAH patients.  Interestingly, this variant is predicted to produce a missense variant 379 
located within the active site of the enzyme raising the possibility that it could adversely 380 
affect its detoxifying properties.  381 
 382 
 383 
 384 
The CES1 rs115629050 SNV is associated with reduced enzymatic activity and 385 
susceptibility to METH induced apoptosis. 386 
The CES1 SNVs known to reduce enzymatic activity have been associated with cocaine 387 
and methylphenidate toxicity stressing the importance of intact enzymatic activity to 388 
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protect against toxin related injury (15, 65).  To test whether METH-PAH carriers of the 389 
rs115629050 SNV exhibit reduced CES1 enzymatic activity, we isolated CES1 from 390 
PBMCs obtained from ten METH-PAH patients that participated in our WES analysis and 391 
measured enzymatic activity by quantifying the rate of 4-nitrophenol (4-NP) hydrolysis, a 392 
well-established method to quantify CES1 activity in cells and tissues (45, 60).  After 393 
controlling for protein amount, we found that CES1 activity was significantly reduced in 394 
CES1 rs115629050 SNV positive METH-PAH patients compared to healthy donors (Fig. 395 
4A).     396 
 397 
Next, we sought to assess whether the rs115629050 CES1 SNV was also present in 398 
explanted lung tissues of the four METH-PAH patients presented in Figure 1.  We chose 399 
these four patients since they were not part of the WES analysis cohort and would serve 400 
as a validation cohort for detection of the CES1 SNV.  We performed an allelic 401 
discrimination assay to screen for the rs115629050 CES1 SNV in DNA extracted from the 402 
lung sections.  Our analysis demonstrated that two of these four patients (50%) were 403 
positive for the rs115629050 whereas both controls, two IPAH and the remaining two 404 
METH-PAH patients were negative for this SNV (Fig. 4B).  With this evidence, we sought 405 
to characterize the biological impact of the rs115629050 CES1 mutant allele on PMVEC 406 
survival after METH exposure.   407 
 408 
Apoptosis is a major consequence of METH exposure and is associated with neuronal cell 409 
death and disruption of endothelial blood brain barrier (34, 66) but no study has looked at 410 
PMVECs.  To test this, we obtained a plasmid containing a wild type (WT) CES1 construct 411 
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and generated the rs115629050 mutant using site directed mutagenesis.  In the presence 412 
of 5 mM METH, PMVECs transfected with the WT CES1 construct demonstrated similar 413 
levels of Caspase 3/7 activity as cells transfected with the empty vector (Fig. 4C).  In 414 
contrast, cells transfected with the mutant CES1 plasmid were more vulnerable to METH 415 
induced apoptosis as evidenced by significantly higher Caspase 3/7 activity (Fig. 4C).  416 
Interestingly, in the absence of METH, cells transfected with mutant CES1 had a 417 
significant increase in Caspase 3/7 activity as well as a reduced number of viable cells 24 418 
hours after transfection (data not shown), suggesting that either CES1 deficiency or 419 
reduced activity can also reduce cell viability.  Taken together, these studies support a 420 
protective role for CES1 in PMVECs exposed to METH and the CES1 rs115629050 421 
variant appears to reduce this protection. 422 
 423 
CES1 reduction leads to increased ROS production and abnormal autophagy flux in 424 
METH exposed PMVECs.   425 
Given reduced expression of CES1 in the endothelium of vascular lesions in all four 426 
METH-PAH patients, we decided to characterize the consequences of reduced CES1 427 
expression on PMVEC survival with METH exposure. Similar to PMVECs transfected with 428 
the mutant CES1 plasmid, CES1 siRNA treated PMVECs (Fig. 5A) demonstrate a 429 
significant increase in Caspase 3/7 activation in response to 5mM METH as well as a 430 
modest increase at baseline (Fig. 5B).  CYP2D6 siRNA treated PMVECs (Fig. 5C) also 431 
had significantly more Caspase 3/7 activation in both the METH exposed and non-432 
exposed groups (Fig. 5D).  This led us to conclude that reduction in either CES1 433 
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expression or activity results in reduced PMVEC viability that is further compounded by 434 
METH exposure.    435 
 436 
We next proceeded to explore the mechanism by which CES1 regulates PMVEC survival 437 
against METH.  Studies in neurons and brain endothelial cells have shown that METH 438 
triggers production of reactive oxygen species (ROS) (11, 50) that results in activation of 439 
the autophagy response (3, 42, 44, 64). Autophagy is a process by which the cell 440 
degrades and recycles damaged cytoplasmic components in an effort to help the cell cope 441 
with stress and restore homeostasis; should these efforts fail, the apoptosis cascade is 442 
triggered and cell death ensues.  We sought to document whether these events also take 443 
place in PMVECs in response to METH exposure and whether loss of CES1 compromises 444 
autophagy.   445 
 446 
Following METH treatment, we saw an increase in cytoplasmic ROS in both cell groups; 447 
however, intensity of ROS signal was significantly stronger in CES1 siRNA treated 448 
PMVECs (Fig. 6A).  Interestingly, the cytoplasm of METH exposed cells exhibited 449 
presence of numerous vacuoles, which appear to be more numerous in CES1 siRNA 450 
treated PMVECs.  Vacuolization has been previously documented in neurons and 451 
endothelial cells exposed to METH and appear to correlate pathologically to organelle 452 
swelling and autophagy. We assessed autophagy by measuring autophagic flux, an 453 
approach that captures the entire process of autophagy including the delivery of cargo to 454 
lysosomes and its subsequent breakdown, through changes in cellular levels of LC3, a 455 
cytosolic protein that at baseline (LC3-I) exists as a 18 kDa form but, during autophagy, is 456 
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conjugated to form LC3-II and recruited to autophagosomes.   In control cells, METH 457 
treatment resulted in an increase of LC3-II (Fig. 6B, left panel); however, CES1 siRNA 458 
treated PMVECs demonstrated a significant LC3-II reduction (Fig. 6B, right panel). 459 
 460 
To determine whether the changes in LC3-II are determined by changes in autophagic flux, 461 
we treated cells with bafilomycin A1, an antibiotic that prevents degradation of 462 
autophagosomes by reducing their fusion with lysosomes(35).   In control cells, bafilomycin 463 
alone resulted in an increase of LC3-II whereas addition of METH resulted in a mild 464 
reduction in LC3-II (Fig. 6C, left panel).  In CES1 siRNA treated PMVECs, we also saw an 465 
increase in LC3-II with bafilomycin alone but concomitant exposure to METH led to a 466 
significant increase in LC3-II (Fig. 6C, right panel).   467 
 468 
Taken together, these results support activation of autophagy by METH that is altered in 469 
CES1 deficient PMVECs by changes in the autophagic flux.  Based on these findings, we 470 
conclude that CES1 is required for normal autophagy, which could explain the increased 471 
susceptibility of PMVECs to apoptosis in the setting of METH exposure (Fig. 7).   472 
 473 
 474 
 475 
 476 
 477 
 478 
 479 
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 480 
DISCUSSION 481 
Originally developed as a therapy for a variety of common clinical disorders such as 482 
obesity and Parkinson’s disease, illegal manufacture and use of METH has risen 483 
worldwide over the past two decades (7, 22, 48).  The United Nations Office on Drugs and 484 
Crime reported in 2007 that approximately 24.7 million people worldwide were addicted to 485 
METH, making this a serious public health problem.  In 2008, the US government reported 486 
that 13 million people over the age of 12 have used METH at some point and 529,000 are 487 
estimated to be regular users.  The popularity of METH stems from the fact that it can be 488 
easily produced from commercially available reagents in local households (aka. METH 489 
labs or kitchens) and its relatively low costs compared to other illicit stimulants.  Due to its 490 
highly addictive nature, METH can easily become a drug of abuse with a tendency to ruin 491 
the lives and productivity of young adults currently in high school and college.  At the cost 492 
of experiencing transient euphoria and subjective bliss, METH abusers are at risk of 493 
severe health problems such as HIV infection, liver damage, stroke and premature cardiac 494 
diseases.  As one of the largest pulmonary hypertension centers in California, we have 495 
seen a disturbing rise in the number of patients being diagnosed with METH-PAH (24), 496 
forcing us to expand the research efforts dedicated to understanding the clinical history 497 
and mechanism of this devastating form of PAH.  This study represents, to our knowledge, 498 
the first effort to identify candidate genes in METH-PAH and resulted in three important 499 
discoveries: 1) PMVECs are capable of metabolizing METH and 2) CYP2D6 and CES1 500 
are expressed in the lung vessels and appear to be necessary for PMVEC protection and 501 
3) reduced CES1 activity can increase susceptibility to METH induced apoptosis.  Since 502 
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apoptosis contributes to small vessel loss, it is possible that loss of CES1 expression 503 
and/or activity could contribute to development of METH-PAH in susceptible individuals.    504  505 
CES1 belongs to a family of esterases predominantly expressed in the liver where they 506 
are engaged in drug and cholesterol metabolism (38).  Interest in CES1 biochemistry has 507 
piqued considerably in the last 20 years as allosteric modulators and/or compounds that 508 
enhance CES1 activity could serve as therapy for organophosphate poisoning and to treat 509 
victims of chemical warfare (60).  In our study, we found that both CES1 expression and 510 
enzymatic activity appear reduced in METH-PAH and could play parallel roles in 511 
compromising the capacity of this enzyme for protecting the endothelium against 512 
environmental toxins such as METH.  While it could be possible that the two variants 513 
found in the N-terminal domain of CES1 (rs3826193 and rs3826192) could compromise 514 
stability or appropriate localization of the translated protein to the ER, another possibility is 515 
epigenetic suppression secondary to METH, which has been described to occur in other 516 
cells (30, 41). On the other hand, pathogenic variants that reduce CES1 activity are 517 
associated with the risk of life-threatening adverse drug reactions as seen in patients 518 
treated with amantadine and users of illicit drugs such as heroin and cocaine (65).  While 519 
methylphenidate is a well-established substrate of CES1, this is the first time to our 520 
knowledge that METH toxicity has been associated with this enzyme.  How CES1 assists 521 
in neutralizing METH toxicity in the pulmonary endothelium is unclear at this time.  Our 522 
LC/MS study argues against direct involvement of CES1 in METH metabolism, which 523 
could be predicted on account that the METH molecule does not have esters or amide 524 
bonds that could serve as substrate for CES1 (57).  That being said, recent metabolomics 525 
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studies have shown that METH can induce production of many metabolites in brain (36, 526 
61); therefore, it is possible to predict that METH could trigger the generation of ester or 527 
amide containing toxic metabolites in PMVECs that, in the absence of CES1 activity, may 528 
result in cell injury.  In support of this, studies in dopaminergic cells demonstrate that 529 
METH triggers production of 4-hydroxy-2-nonelal (4-HNE), an oxidative byproduct of 530 
polyunsaturated fatty acids that can trigger production of cytotoxic esters (4, 8).  As 531 
mentioned in our results, LC/MS only provides qualitative information on phase 1 532 
metabolism; a more comprehensive metabolomics study will be required to determine 533 
whether CES1 is required to buffer production of toxic esters.   534 
 535 
Whole Exome Sequencing (WES) is a next generation sequencing technique that focuses 536 
on the coding sequences throughout the genome, which has accelerated the discovery of 537 
novel variants associated with both Mendelian and non-Mendelian disorders. It is relevant 538 
to point out that we found two METH-PH patients (10.5%) who were carriers of BMPR2 539 
missense variant (rs2228545), which targets a residue in the cytoplasmic tail.  This SNV 540 
has been associated with increased risk of colorectal cancer and has been documented to 541 
occur in IPAH patients (16).  In addition, other variants in several genes associated with 542 
the BMP and TGF beta signaling pathways were documented across the entire population 543 
(Table 4). To date, no study has firmly established an association between BMPR2 544 
variants and D+T PAH although studies performed on patients with fenfluramine 545 
associated PAH revealed that 9% of patients demonstrated pathogenic variants in BMPR2 546 
(29). It will be interesting to determine whether screening larger patient populations could 547 
serve to further establish whether a functional link exist between CES1 and BMPR2 in 548 
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METH-PAH.        549 
 550 
METH induced cytotoxicity is linked to oxidative injury by its direct activation of NAPDH 551 
oxidase (NOX) and generation of ROS that cause cellular damage (42).   Autophagy is 552 
part of an effort to promote cell repair and preserve cell viability in response to oxidative 553 
stress; however, if the cells can’t recover, autophagy can initiate pro-apoptotic signaling 554 
cascades.   Therefore, activation of autophagy is a double-edged sword that is vulnerable 555 
to changes in protein composition of the ER.   Our observation of the increased number of 556 
vacuoles in CES1-deficient cells raises several interesting mechanistic possibilities that 557 
could provide insight into the fundamental mechanism of METH-induced PMVEC 558 
apoptosis.  Based on our findings, it appears that CES1 deficiency tilts the balance of 559 
autophagic flux towards apoptosis in response to METH exposure.  One possible 560 
explanation is that CES1 could be facilitating the capacity of the ER to contribute to 561 
production of autophagosomes and/or alter lysosome function under METH, since CES1 is 562 
expressed in both organelles (2, 17, 40, 56).  563 
 564 
Our studies demonstrate that the reduction in CES1 expression and activity increases 565 
PMVEC apoptosis alone and in response to METH but several questions remain 566 
concerning the mechanism behind METH induced ROS generation, initiation of ER stress 567 
and possible impairment of mitochondrial bioenergetics, a well-established feature of other 568 
forms of PAH (14, 37, 46).  It is worth pointing out that mitochondrial toxicity is also a 569 
consequence of METH exposure and could be linked to the autophagy response as these 570 
pathways can also interact with the mitochondria to trigger release of cytochrome C and 571 
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other pro-apoptotic factors (52, 59).  In light of the link between our other gene candidates 572 
(HERPUD1, AKAP1) and the mitochondria, we propose to focus future studies on 573 
understanding the role played by the mitochondria in integrating the autophagy responses 574 
to METH-induced injury.  Whether pharmacological agents that restore CES1 or the 575 
autophagy response could be clinically relevant in the treatment of METH-PAH remains to 576 
be determined.   577 
 578 
While we have focused mainly on the characterization of CES1 variants in this study, it is 579 
important to stress that CYP2D6 remains a critical candidate that requires more 580 
comprehensive characterization.  Besides being the major player in METH metabolism, 581 
CYP2D6 is also required for metabolizing anorexinogens linked to PAH such as 582 
dexfenfluramine and variants that reduce activity could increase toxicity from these 583 
compounds (23, 27).  Our WES revealed several candidate CYP2D6 variants some of 584 
which occurred with increased frequency in both PAH and METH-PAH patients but it is 585 
likely that these are influenced by our small patient numbers values and lack of METH 586 
users without evidence of cardiopulmonary disease to serve as the proper reference. Our 587 
group has initiated discussions with drug rehabilitation programs in California to start 588 
collecting clinical data and blood samples to perform future WES studies in this important 589 
control population.  Another important limitation is the lack of METH-PAH PMVECs 590 
available for in vitro studies.  Unfortunately, we were only able to establish a cell culture 591 
from one of the four patients as the others failed to grow in vitro.  Furthermore, PMVEC 592 
cultures from this single METH-PAH could only endure four passages as their growth 593 
progressively slowed down.  It is worth speculating why these cells may have less growth 594 
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potential compared to other PAH isolates as it could provide critical insight into unique 595 
phenotypical and molecular attributes of METH-PAH cells and how they could be affecting 596 
cell survival.  To overcome this obstacle, our group has started using inducible pluripotent 597 
stem cells derived from skin biopsies and PBMCs to generate endothelial cells (iPSC-ECs), 598 
a promising approach that will hopefully allow us to expand our mechanistic studies of 599 
METH-PAH.    600 
 601 
In conclusion, we propose a model by which reduced expression and/or reduced CES1 602 
activity could predispose to PAH by increasing susceptibility of PMVECs to METH-induced 603 
apoptosis (Fig. 7).  CES1 holds potential as a biomarker that could be used to identify 604 
METH users at risk of developing PAH and as a potential candidate target for agents 605 
capable of restoring expression and/or activity, which could then help increase cell viability 606 
and reduce disease progression in this population.  It is our hope that characterizing CES1 607 
and other genes identified by WES will allow us to increase our chances of identifying high 608 
risk individuals and improve our capacity to better care for those who suffer from this 609 
devastating disease.  While the findings presented here are pertinent to METH-PAH, we 610 
anticipate that our findings will serve to open the field for investigations that will seek to 611 
uncover deeper links between gene interactions and other relevant exposures associated 612 
with D+T PAH.   613 
 614 
 615 
 616 
 617 
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TABLES AND FIGURES 920 
 921 
 922 

Figure 1. CES1 expression is reduced in vascular lesions of METH-PAH.  (A) 923 
Representative immunofluorescence studies of lung sections stained for CYP2D6 (red) 924 
obtained from healthy donor and METH-PAH patients.  No difference was seen among our 925 
four METH-PAH patients.  (B) Representative immunofluorescence studies of lung 926 
sections stained for CES1 (red) obtained from healthy donor (top) and four METH-PAH 927 
patients.   CD31 (green) stains for endothelial cells.  Scale bar=25μm.    928 
 929 
Figure 2.  Expression of CYP2D6 and CES1 in lung sections of IPAH, CF and IPF 930 
patients.  (A-C) Representative immunofluorescence studies of IPAH (A), CF (B) and IPF 931 
(C) lung sections stained for CYP2D6 (red).   (D-F) Lung sections from IPAH (D), CF (E) 932 
and IPF (F) stained for CES1. CD31 (green) stains for endothelial cells.  Scale bar=25μm 933 
 934 
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Figure 3. METH is metabolized by PMVECs into P-OHMA. (A) Diagram illustrating the 935 
phase I  metabolism of METH into amphetamine (AP) and p-OHMA.  P-OHMA could be 936 
further metabolized into p-OHMA glucuronide (Glu) and p-OHMA sulfate (Sul) in the liver 937 
to increase solubility and facilitate urinary excretion.  (B) LC/MS study of PMVECs treated 938 
with METH for 4 hours.  Analysis of cell lysates demonstrated at least five OHMA 939 
metabolites (peaks 2-6). Panel A represents full scan LC-MS chromatograms of treated 940 
and untreated samples. Panel B represents CID chromatograms (MS2 m/z 166.2 @CID 941 
35.00) of hydroxylated methamphetamine metabolites in the same samples. Panel C 942 
represents MS/MS spectra of METH hydroxymetabolites (peaks 2 through 6).  Peak #1 is 943 
a nonspecific endogenous component, also found in unstimulated PMVECs. 944 
 945 
Figure 4. CES1 rs115629050 variant is associated with reduced enzymatic activity and 946 
increased apoptosis in unstimulated and METH exposed PMVECs. (A) CES1 activity 947 
assay of PBMCs from healthy donors (WT) and METH-PAH patients carrying the 948 
rs115629050. *P<0.05, unpaired t-test. (B) Allelic discrimination assay for rs115629050 in 949 
gDNA samples extracted from lung tissue paraffin blocks (see methods).  (C) Caspase 3/7 950 
activity assay of PMVECs transfected with either GFP, wild type (CES1) or rs115629050 951 
mutant (Mutant CES1) plasmids.  **P<0.01 and ***P<0.001 vs. all other groups; ordinary 952 
one-way ANOVA with Tukey’s multiple comparisons test. 953 
 954 
Figure 5.  CES1 and CYP2D6 deficient PMVECs have increased susceptibility to 955 
apoptosis.   (A) WB for CES1 in control (siCt) or CES siRNA transfected healthy human 956 
PMVECs.  (B) Caspase 3/7 activity assays of siCt and CES1 siRNA transfected PMVECs at 957 
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baseline and following METH (5mM) exposure for 4 hours.  (C) WB and caspase 3/7 assay 958 
(D) for CYP2D6 in siCt or CYP2D6 (si2D6) siRNA transfected healthy human PMVECs.  959 
Numbers under WB represent densitometry ratio of signal vs. tubulin from 3 independent 960 
studies. *P<0.05 and ***P<0.001; ordinary one-way ANOVA with Tukey’s multiple 961 
comparisons test.  962 
 963 
Figure 6. CES1 deficient PMVECs demonstrate reduced autophagy in response to 964 
METH.   (A) Non-exposed and 4-hour METH exposed control (siCt) and CES1 (siCES1) 965 
siRNA treated cells were fixed and stained with CellRox green.  Fluorescence was 966 
measured relative to Ctrl-no METH.   ***P<0.0001, unpaired t-test. (B) WB of unstimulated 967 
and 4 hr-METH Ctrll and siCES1 treated cells for LC3.   (C) WB of bafilomycin treated 968 
unstimulated and 4 hr-METH treated Ctrl and siCES1 cells for LC3.   Densitometry is 969 
measured relative to -tubulin as a loading control.  ***P<0.0001 vs. Ctrl-no METH. 970 
##P<0.001 vs. corresponding control, one-way ANOVA with Bonferroni post test (N=3).    971 
 972 
Figure 7. Proposed Model. METH enters PMVECs and is metabolized to p-OHMA and 973 
other toxic metabolites, which trigger ROS production and an autophagy response. CES1 974 
(green) is required to reduce ROS production and maintain steady autophagy flux.  975 
Reduced CES1 expression and/or activity (red) result in increased ROS production and 976 
abnormal autophagy flux, resulting in increased PMVEC apoptosis and loss of pulmonary 977 
microvessels. 978 
 979 

Table 1. Patient Characteristics of METH-PAH patients involved in WES. 980 
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 981 
Table 2.  Predicted amino acid location and functional impact of CYP2D6 variants found in 982 
WES of IPAH and METH-PAH patients.  983 
 984 
Table 3. Predicted amino acid location and functional impact of CES1 variants found in 985 
WES of IPAH and METH-PAH patients. 986 
 987 
Table 4.  Variants found in genes involved in the BMP signaling pathway via WES. 988 
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